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Abstract: - In this paper, an overall comparison between the Boost Converter (BC) & Cascaded Converter or
Cascaded Boost Converter (CBC) is given in terms of ideal condition, as well as with the consideration of
Equivalent Series Resistance (ESR) of inductor. The loss comparison in the two converters due to the ESR is
also included in this paper. It is seen that in CBC, voltage gain is more but the power loss due to ESR is also
more compared to the BC. The parameters of the converters are found out with a consideration of per unit
ripple quantity of inductor current and capacitor voltage. A boundary condition between the continuous
conduction mode (CCM) & discontinuous conduction mode (DCM) of the inductor current is also shown. The
behaviour of the capacitor current for the converters is discussed during ON and OFF condition of the
switch(es). At the end, the simulation results of both the converters are given for a 20V/100V, 100 W output.
The analysis and simulation results are presented in this paper for the verification of the feasibility.
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BC as high voltage generation requires a large duty
1 Introduction cycle, so it further inceases the reverse recovery
effect of the diodes.[18-19]

The comparative study of the two converters is
focussed in this paper along with the consideration
of ESR of the inductor(s) in section 3 and power
losses due to the ESR effect is discussed in section
4. In section 5, converter parameters are designed
with a discussion about the stresses on the
switch(es). Section 6 depicts about the boundary
condition between continuous conduction mode
(CCM) & discontinuous conduction mode (DCM)
of inductor current. Behaviour of the capacitor
current and the simulation performances are shown
in section 7 & 8 respectively.

DC - DC conversion is becoming very important
in various portable applications now a days. Many
portable devices use power at different levels of
voltage. The modern technology is making the
renewable energy sources (RES) to become an
alternative of the combustion engines for power
generation as the cost and the environmental issues
are concerned.[1-6]But the main hindrance behind
RES is less voltage generation per cell.[7] So to
fulfill the requirement of high voltage applications,
a number of cells to be connected is series or
parallel combination. It further reduces the energy
generation due to shadow effect on the PV cells.[8-
11] So a voltage step up process can be used with a
fuel cell (FC) or Photovoltaic (PV) cell to boost the
output voltage and thus the efficiency can also be 2 Operation of the Converters
increased.[12-13] As the dc-dc converter injects less
current ripple into the source, the efficiency as well
as the life span can be increased with that for the PV 2.1 Cascaded Boost Converter:
or FC array. [14-15]

L D, Ly D,
The voltage build up can be possible by BC and — L ™ Dt
CBC. [16-17]BC can not give the significant build vinl + ‘ . A .
up of output voltage for the same duty ratio as == 0 “'T'—T : o ‘”T== t QR
compared to CBC as the output voltage of the later
one is a quadratic function of duty cycle. Again for (2)
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Fig. 1(a),(b),(c) Cascaded Boost Converter,
Switches are in ON state, Switches are in OFF state

The CBC is shown in Fig. 1(a) where v;, is the
input voltage, Q;, Q, — are two active switches, D;,
D, are the passive switches and L, L, & C,, C, are
the corresponding values of Inductance and
Capacitor of the converter. The output voltage is
represented by
Vo = vco. The duty ratio is termed as & here.

The steady state parameters of the converter can
be found out by considering the ON and OFF
conduction mode of the switches, Q; & Q.

The ON state of the switches is shown in Fig.
1(b). In this condition inductor current i;; is flowing
through the switch Q, and i;, through Q,. So switch
current lQl = iLl and le = iLZ . The diodes, D1 & D2
are reverse biased as shown by light color. The
capacitor C; discharges through the inductor L, - Q,,
as well as C, discharges through the load resistance
R. The load current is shown as 1i,.

During the OFF mode of the switches, no current
is flowing through the switch Q; and Q, as shown in
Fig. 1(c). The diodes D,, D, becomes forward
biased now. Current passing through the diodes are
i1 & i, respectively. The output voltage across the
load is same as the capacitor voltage, v.;.

To find the steady state parameters I;;, I}, and
Vc1, Vo the following method has been followed:

During ON & OFF time of the switches,
Average voltage drop across inductor L,
VLolN:kVins VLolFF: (1 - k)(Vm - VCl)
Average voltage drop across inductor L,,
VLOZN:kVCla VLOZFF: 1 —=Kk)Ver = Ve2)
Average current passing through capacitor C,,
I18Y=- kg, 12f"= (1~ k)L — 12)
Average current through the capacitor C,,
18 =-klo, 1&"=(1 =K1z — o)
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The average voltage drop across any inductor is
Zero,
i.e., VLON + VLOFF = O.

Solution of this above expression gives as,
Vin

S (1
Vin

Average current passing through any capacitor is
zero, e, IV +12FF =0,

From the solution of the above expression,
Vin

ILl = (1_k)4R (3)
Vin
ILZ = (1—k)3R (4)
Output voltage of CBC,
Vin
Vo="Ve2= g3z

2.2 Boost Converter:

, L
3L R
vini ».
gl [
i R r“l:1 ip D io
.
o A
nis Q
ol V‘TTC .
5|

(b)
Fig. 2(a) Boost converter in ON mode, Fig. 2(b)
Boost converter in OFF mode

The BC is shown in Fig. 2(a), (b) where V, is the
input voltage, Q — an active switch, D is the passive
switch and L & C are the corresponding values of
Inductance and Capacitor of the converter. The
output voltage is represented by vy=v.. The duty
ratio is termed as d here.

The On state of the boost converter is shown in
Fig. 2(a) and OFF state in Fig. 2(b). The BC is also
operating in the same way as the CBC. The inductor
current is flowing through the switch Q during ON
time and through the diode during OFF time of the
switch.

The output voltage equals the capacitor voltage as
shown in the Fig. 2(a) and 2(b).

Steady state parameters of the converter can be
found out by following the method stated above.
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Vin
e=ap )
Vin
IL - (1—d)2R (6)
Output voltage of the BC,
Vin
Vo= Ve = (1-d)

The relation between the duty ratios of the two
converters with a same voltage gain can be given as-

d=1- (1-k)? (7

/

[

[

0 0.1 02 03 04 0.5 0.6 0.7 08 0.9 1
Boost Converter Duty Ratio

Fig. 3 Comparison between the Boost converter and
cascaded boost converter duty ratio at the same
voltage gain

It is seen from the curve of Fig. 3 that for the
same voltage gain, less duty ratio is required in CBC
compared to BC. So a CBC can provide more
voltage build up compared to BC with a less duty
ratio.

3 Effect of inductive ESR

In section 2, the discussion is related to the ideal
converters. But practically in all converters, the
inductance is under the influence of a series
connected resistor or ESR. Due to the presence of
such ESR, the converter performance or the
efficiency cannot be practically same as that of the
ideal converters. In this section the ESR effect of the
two converters is discussed with the loss calculation
due to the said ESR effect in the next section.

3.1 Cascaded Boost Converter:

i Ry L D,

Ve 'ZT:: G 3r

Fig. 4 Inductive ESR in cascaded boost converter

To find the steady state parameters of the CBC
due to the ESR effect of the inductor, the following
method is applied:
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During ON & OFF time of the switches,
Average voltage drop across the inductor L,

AV=kVip = 1,1R1) )
VA =0 = k) Vi — I1Ry = Ve1) 9)
Average voltage drop across inductor L,,
VA =kVe1 — 112Ry) (10)
VA=A = k) Vo1 = Vez — 112Ry) (11)

Average current passing through capacitor C,

19=-kI,, (12)
18f = = K)Upy = 112) (13)
Average current through the capacitor C,,
18 = -kl (14)
18" = (1= k)12 = Io) (15)

Average voltage drop across any inductor is zero
and the average current passing through the
capacitor is also zero. So,

VLON + VLOFF =0
12N +18FF =0

(16)

(17)

Solution of the equations (16) & (17) with
reference to equations (8) — (15), the steady state
parameters of the cascaded converter due to ESR
effect can be obtained as-

Vin
I11 = (1—k)R1+ (1—k)*R+ (1—k)2R; (18)
Vin
liz = R1+(1—k)3R+(1—k)R2 (19)
(A—k)+ —2_
Ver = { — & }V (20)
—2—(1 ezt (=h02+ (1=K)R;
Vin
Vez = R1+ (1=k)3R+(1—k)R, @1
3.2 Boost Converter:
L
i|4 R] m & iu
\ﬂ_, lic
T Q-E- V(T—I—C R

Fig.5 Inductive ESR in Boost converter

The steady state parameters of the BC can be

found as,
Vm

I, = 22

L {(1 A+ a5k d)R}u d)R (22)
v

V- = in 23

€7 a- D+ (23)
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Fig. 6 Shows the Voltage gain ratio with ESR (0.1
Q) for the two converters

Fig. 6 shows the comparative analysis of the CBC
and the BC voltage gain when equal ESR of all the
inductor is considered. It is clearly understood from
the curve that the attainable voltage gain in CBC is
even more as compared to BC even if with the
losses of due to the ESR effect.

Both the converters can work within the Quasi —
Linear region only. Beyond that the Non — Linear
region appears, where the performance of the
converters is disturbed & they cannot be operated.
The duty cycle for the operating point of the
cascaded converter is less with comparison to BC
operating point duty cycle.

4 Losses Due to Inductive ESR

Theoretically DC-DC converters can provide a
infinite voltage gain. But practically it is never
possible as there are some inherent parasitic
elements present such that ESR. In this section the
losses due to ESR effect of the inductor is
considered. The losses have more impact when the
device is used for any low power application. [20-
21]So the loss calculation is discussed as under:

The value of the inductor,

2
Lo«t2 (24)

where, N = no. of turns in the inductor,
A = cross sectional area of the inductor
L = length of the inductor
Again the length, [ o< N

So equation (24) can be written as,

L < NA (25)
Since the current passing through the conductor,
IL X x3/2
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Cross sectional area,
2 4/3
A x x* o« [} (26)
where, x 1s the diameter of the conductor.
The equation (25) now can be re-arranged as,

L « NI}/ (27)
The ESR value,
l N
So the ESR per unit Inductor is,
R 1
For BC, ESR of the inductor L,
L
Resr X IST (30)
L
For CBC,
ESR of the inductor L,
L
Resrl X 18% (31)
L1
ESR of the inductor L,
L
Reer X 18% (32)

L2
Since, in the cascaded converter,l;, = (1 — k)I; 4,

equation (32) can be written as,
Ly

Resra % g 597 (33)

Since the input power for the Boost as well as
Cascaded converter is same. So for the same input
voltage, I} = I;.

Thus the relation between the ESR values of L,
inductor in CBC to the ESR value of BC inductor L
can be given as,

L
Resrl = Tl Resr (34)
In the same way,
L
Resr2 = m Regr (35)

Power losses in the BC,
Pg = IEResr (36)

Power loss in the inductors of CBC,
P = IglResrl

— 72
PLZ - ILZReer

Total loss in the CBC due to inductive ESR,
Pc= P+ Pp

= Ilz,l{Resrl + (1 - k)ZRe‘STZ} (37)

So the power loss ratio of the CBC to the BC can
be derived as,

Pc _ k 1
Ps  {1-(1-k)?} {1 + (1—k)5/3} (38)
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Fig.7 shows power loss ratio curve due to inductive
ESR

Fig. 7 shows the power loss ratio curve in CBC to
BC with a change in the duty ratio of the CBC. It is
seen that with an increment of the duty ratio, the
voltage gain of the CBC increases. But the power
loss due to the inductive ESR effect also increases
compared to the conventional BC.

The on state loss of the Cascaded converter is less
compared to the BC for the same voltage gain.
Whereas the off state loss is more in BC compared
to CBC.

5 Parameter Design

The designing of the parameters of the CBC is
considered here in terms of per unit ripple in the
inductor current (41;/1;) and per unit ripple in the
capacitor voltage (AV:/V¢).

During ON time of the switches, voltage drop

across the inductor L,
15 = Vi

o (39)

Considering the ripple current in the inductor as
Al 1, equation (39) gives the solution as,
kTSVin

Al

Ly = (40)

The inductor value can be found in terms of per
unit ripple from equation (40) as,

L = sV in (41)

per unit ripple x Iy

Equation (3) can be placed in equation (41) and
thus,

k(1—k)*RT,
per unit ripple

Ly = (42)
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where, T, is the switching frequency = 1 / f
S

Second inductor L, value can also be found out in
the same way as,

k(1—k)3RT;
per unit ripple

L, = (43)
Current passing through the capacitor C; during

the ON time of the switches,
dvcy

iep=Ci— == i
Avgy Vi

Gy kT,  (1-k)3R

(44)

The capacitor values can be found out by
considering a per unit ripple in the capacitor voltage
in the same way as,
kT,
C1 = 2 -

(1—k)4R x per unit ripple
kT
R x per unit ripple

(45)

C, = (46)

A CBC as shown in Fig. 1(a) where the nominal
values considered as: input voltage V;, = 20 V,
output voltage ¥, = 100 V, the nominal duty ratio k£
= 0.55. Considering a 2% ripple in the inductor
current and the capacitor voltage as well with
switching frequency f; = 20 kHz. To make a 100 W
converter, the parameters can be found out by the
equations (42), (43), (45) & (46) is shown in Table
2.

During BC designing the value of the inductor
and the capacitor can also be found out by the same
way as shown above.

— 42
_ d(1 .d) 'RTS (47)
per unit ripple
C= dT; (48)

R x per unit ripple

When the switches are ON, the current passing
through them is the current stress on the switches
whereas during OFF condition of the switches the
voltage stress can be obtained. The current stress
will be the maximum peak current passing through
the respective switch. But since the voltage ripple is
considered as very small, so the voltage stress will
be as same as the average value of the voltage
applied to the switch.

In CBC, the current stress on the switches is as
follows:
iQ2peak = iLZpeak
iD2peak = iLZpeak

1leeak = 1Llpeak 5
1Dlpeak = 1Llpeak;

Volume 8, 2017



WSEAS TRANSACTIONS on ELECTRONICS

Table 1
Parameter comparison of Boost & Cascaded
Boost Converter

Byamakesh Nayak, Tanmoy Roy Choudhury

Table 2
Parameter comparison of Boost & Cascaded Boost
Converter for 100W

Parameters BC CBC
1 1
Voltgge 5 e
Gain
Inductor _4A = d)*RT, L _ _kQ-k'RT,
per unit ripple '~ per unitripple
value(s)
_ k(1-k)RT,
2~ perunitripple_
i a7 - kT,
Cap?iCltor R x per unit ripple G= (1— k)?R x per unit ripple
value
o= KT,
2™ R xper unitripple
Vi Vo
Voltage ey s
stress on
switch Ve
Yo = gy
i Vin
Inductor L= G T
Current
I, = Vin
L2 = A—kPR
Current iope =1+ 57Vin o= i + 5= Ve
stress on
. A .
switch iowa= iz + 77 Vin
. d . k
Current inpeat =11+ 57 Vin ioipea= T2 + 37 Vi
stress on
Diode ipspeak = 12 + ﬁVi"

1 ]
1 ]
| |
B | t

—— KTy (1-k) Ts —>}

1 1

Fig. 8 shows inductor current ripple with minimum
and maximum peak

In Fig. 8 the inductor current with the maximum and
the minimum value of the ripple is shown. The peak
value of the inductor can be found out as:

Tmax = Ip + AIL/Z (49)
Taking the reference of equation (40), the current
stress equation of the inductor can be written as,

duty ratio

Ilelx = IL + 2Lf;

Vi (50)
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Parameters Boost Cascaded
Converter Boost
Duty Ratio 0.80 0.55
Inductor value L=4mH L;=2.82mH
L,=6.26 mH
Capacitor value C=40 pF C; =136 uF
C,=27.5uF
Load Resistance 50 Q 50 Q
R
Voltage stress Vo=100V Vor=350V
on switch
V()Z =100V
Current stress on | igpeak = 10.1 A | ig) pear= 9-85 A
switch
iQ2peak: 443 A
Current stress on | ippear = 10.1 A | ipjpear= 9.85 A
Diode
iszgak: 443 A

So the current stress on the switch Q; & D,
k

iQipeak = iDipear= Ip1 + 2t Vin (51)
Current stress on the switch Q, and D,

. . k

LO2peak = UD2peak = ILZ + mvm (52)

In case of the BC, the current stress on the switch and
the diode will be as,

d

a7, Vin (53)

iQpeak = iDpeak = IL +

6 Boundary Between CCM &
DCM

The boundary between the CCM & DCM can be
derived only when the inductor current touches zero.
During the OFF state of the switches, the inductor
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current gradually reduces to a minimum value /;,,,;,
as shown in Fig.8.

The value of the lowest inductor current can be
found as,

Al
Imin = I — L/Z (54)
Equation (54) can be re-written with reference to
equation (50) as,
duty ratio

=1, — T, (55)
For the BC, equation (55) can be written as,

ILmin

d(1-d)*R

]Lmin:IL{l - 2Lf,

} (56)

As the condition for the boundary condition to be
satisfied,
d(1-d)*R
2Lfs

The solution of the above equation gives the value
of inductor for the boundary condition as,

Tpmin=11{1 — }=0 (57)

d(1-d)?R
2fs
In the same way the value of the inductors for the
boundary condition can be found out for the CBC
as,

L= (58)

k(1—k)*R

Ly==7%— (59)
k(1—k)3R

Ly==—— (60)

7 Behavior of the Capacitor
Current

The capacitor of the BC as shown in Fig. 2(a) has
to discharge through the load resistance during ON
state of the switch and to be charged during the OFF
state of the switch as shown in Fig. 2(b). But
practically the charging and discharging does not
always depend upon the switching period. It may
depend upon the value of minimum inductor current
and the output current.

When I;,,;, > I, as shown in Fig. 8, the capacitor
charges during ON time and discharges during the
OFF time of the switch. But when [;,,;, < I, the
capacitor does not wholly operate in the same way
as stated above. During ON time, capacitor
discharges through the load; but during OFF time,
the capacitor is getting charged until I;,,,;, < Iy. As
soon as the inductor current falls below the output
current level, capacitor starts to discharge to
maintain a constant average load current. So in
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DCM, capacitor charging-discharging does not
depend upon the switching time periods.

7.1 Condition for Iy i, > o & Ipmin < I :

The OFF state average inductor current in BC is
equal to the average output current since the average
capacitor current is zero. So the condition can be
written with reference to Fig. 8 as,

_ Q=) Tl + i, (A=d)T
T

1 Al (1-d)R
S0, Iymin = o [(1_,1) - LZVm ]

Iy (61)

(62)

Equation (62) clearly states that,

1 Al (1-d)R )
when, [ T T ] >1; Iy, > Iy and
1 Al (1-d)R _
[(1—d) TN ] <L Dimin <1

The load side capacitor of the CBC is also
showing the same behaviour. The relevant
waveforms are shown in the Simulation Section.

8 Simulated Performance

Simulation results of the two converters are
shown below. The conerters were simulated in
MATLAB/ Simulink software.

Output Voltage (V)

) 01 02 03 04 Time (s) 05 06 07 08 09 1

— il
—iL2

——
Extended vagfom ofLL

45001 [ 05002
| |

nt (A)
o
&

T T
T
Extended Wabeform of iL2

|
—

4E —
05 5001 05002

Inductor Curres

04 Time (5) 05 06 07 08 09 1

Fig.9 Output voltage waveform (with extended
format), i;; & iy, waveform (with extended format)
of CBC

The simulation results of CBC are shown in Fig.
9. The output voltage of the converter is constant at
94 V. The inductor currents are continuous in nature
and the values of i;;, i;, are 9.75 A & 439 A
respectively. The peak value of i, i, are
respectively 9.85 A & 4.43 A. So the current stress
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on the switch Q; as well as diode D; is 9.85 A.
Current stress on Q, & D, is 4.43 A. It is clear that
the ripple present in the voltage and current is 2%
each. The voltage & current is a bit less due to the
parasitic losses in the circuit.

11 T
—— Output Voltage
—— Inductor Current

¥ Extended Waveform of Voltag

Output Voliage (V)

[E) 5002 d003 0

Extended Waveform of Current

VAN

5003 05004

ent (A)

05001 o002

05 Time(s) 0.6 0.7

Fig.10 Output voltage & Inductor Current

waveforms are shown for BC

Fig. 10 shows the output voltage waveform as a
constant at 96 V, inductor current at 10 A. the
inductor current is continuous in nature. The peak
value of i; is 9.9 A. So the current stress on the
switch Q as well as diode D is 9.9 A. It is clear that
the ripple present in the voltage and current is 2%
each. Here also some losses present due to parasitic
effect.

Switching Pu\se\

Magnitude

0.9001 Time (s)

0.9002

o

ent (A)

Curr

0.9002

oc
©

0.9001 Time (s)

urrent (A)

Capacitor Ct

o

0.9001 Time (s) 0.9002

Fig.11 shows the switching pulse, inductor current
with output current waveforms & capacitor current
waveform for BC when 1;,,;, > I

As discussed in section 7, the simulation result of
the behaviour of the capacitor current for the BC is
shown in fig. 11. Here I, > I, so the capacitor
discharges through the load during ON time of the
switch Q, whereas during OFF time of the switch,
the capacitor gets charged.
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Fig.12 shows the switching pulses, inductor current
with output current waveforms & capacitor current
waveform for BC when I;,,;, < Iy

Fig. 12 shows the simulated result of the
behaviour of capacitor current when /;,,;, falls below
1. The capacitor discharges during the ON state of
the switch as usual. But during OFF state of the
switch, capacitor gets charged only when /;,,;, more
than /,. At once the capacitor starts to discharge
through the load even though the switch in OFF
state when /;,,;, becomes less than the load current.

The capacitor currents for the CBC also show the
same behavior as the BC capacitor current shown
above.

9 Conclusion

The main idea behind this paper is to get a clear
view of the comparative study of the two converters.
The CBC can give a high voltage gain compared
with the BC for a given duty ratio. As the switching
frequency is fixed, for the same load if the duty ratio
is less, the voltage and current ripple is also be less.
So the CBC is better option compared to BC. But
when ESR losses are considered, the BC is good.
That’s why for high power application where ESR
losses are not a constraint, CBC can be used;
whereas for low power application BC is a right
choice.
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