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Abstract. This paper proposes a new Switched Induc-
tor based Quadratic Boost (SLQB) converter. The the-
oretical study for control design is carried out in detail.
Small signal dynamic analysis of the proposed topology
is obtained by State-Space averaging technique to inves-
tigate the closed-loop performance of SLQB converter.
Ziegler-Nichols’ closed loop tuning method is adapted to
design the controller and analyze the closed loop per-
formance. The theoretically derived transfer functions
divulged a perfect matching with simulation results ob-
tained from circuit simulator, spice. The effectiveness
and adaptability of the SLQB converter are confirmed
with high gain DC-DC converters belonging to the SL
family. The stability study is carried out by MATLAB
software, and the respective graphs are obtained to an-
alyze the open loop and closed loop performance of the
derived converter.
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1. Introduction

Recently, DC-DC converters are operating as power op-
timizers in Renewable Energy System (RES). In that
application, it is required to increase the boosting ca-
pability of the converter. Hence, the need of novel,
efficient and reliable topology of the high gain DC-DC
converter is increasing day by day. DC-DC converters
are also used extensively in several applications such
as computers, telecommunication, automobiles, medi-
cal instruments, military and various industrial appli-
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cations. In most of these applications, DC distribution
system is the most important part, and it is neces-
sary to ensure the stability of the regime for the ef-
ficient operation. Stability analysis is not only used
to design the controller but also allows the researchers
to precisely understand the circuit operation. Several
modeling techniques are reported in the literature for
the DC-DC converter operating in continuous and dis-
continuous conduction mode. Most commonly used
modeling techniques for DC-DC converters are PWM
switch modeling [I], Current Injected Equivalent Cir-
cuit Approach (CIECA) [2] and [3], Modeling using
Mason’s gain formula [4], alternate PWM switch mod-
eling [B] and [6], unified topological approach [7], signal
flow graph modeling [8] and [9] and so on.

Many research works have been published in the area
of stability analysis of DC-DC converter. However,
certain issues are to be addressed [10]. Even though
many methods are proposed for the dynamic analysis
of DC-DC converter, it has been observed that State-
Space Averaging (SSA) technique is the most suitable
for small signal analysis. AC and DC transfer function
of a converter can be easily obtained using SSA tech-
nique. In last decade, researchers have been concen-
trating on deriving several topologies for getting high
gain and bi-directional flow of power. For many high
gain topologies, stability analysis is not carried out ow-
ing to the increase in a number of passive components.
In this work, we analyze a high gain DC-DC converter
with State-Space averaging approach and results are
validated by simulating the converter in circuit simula-
tor like Pspice. Later, PI (Proportional and Integral)
controller is designed for the proposed converter, and
the KP and KI values are obtained by Ziegler-Nichols’
tuning methods.

This paper is arranged as follows: The function of
the proposed converter is discussed in Sec. SLQB
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converter is analyzed by steady-state analysis, and it
is presented in Sec. Section [4.] describes the
modeling of the converter by state space averaging ap-
proach. Section [5. | gives the design of controller
with time domain analysis. The advantage of the pro-
posed converter and simulation results are provided in
Sec. Finally, the paper is concluded in Sec.[7. ]

1.1. Nomenclature

e SL : switched inductor,

e Vg : Input voltage,

e Ry : Load resistance,

e SW : Switch,

e Vi, : Voltage across inductor Ly,
e Vi1 : Voltage across inductor Loy,
e V¢ : Voltage across capacitor C,

e I;; : current through the inductor L,
e I1o; : current through the inductor Lo,
e D - Duty cycle,

e f, : Switching frequency,

e V, : Output voltage,

v, (8)
vg (s)

: Input to output transfer function,

—_—

Yo (5)
d(s)

: Control to output transfer function,

e HID : High-Intensity Discharge lamp.

2. Proposed Topology

The derived topology can be used for powering HID
lamps in automobile headlights. The steady state
operating voltage of this lamp is around 80-100 V.
A conventional boost converter cannot boost the volt-
age to the required level. Hence, the high gain

|4 Ds
L, — Y'Y Y\ Do

M Loy iz D,
D, »
+ = 5‘ L2 Co RL
; 3 SW T

Fig. 1: SLQB converter.

I
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(b) OFF mode.

Fig. 2: Modes of operation.

DC-DC converter is essential in this application. Fig-
ure [I] presents the topology obtained by incorporating
the Switched Inductor cell with the quadratic boost
converter. Switched inductor cell consists of two induc-
tors (La; and Lgy) and three diodes (D3, Dy, and Ds).
The addition of SL cell in the QB converter increases

the gain of the converter. Figure and Fig.

show the ON and OFF mode of the proposed converter.

ON_'OFF: ON :OFF

() (b)

Fig. 3: (a) current through the components in the proposed
converter, (b) voltage across the components in SLQB
converter.

Mode(a): Figure gives the current flow path of
SLQB converter in ON mode. The operation of this
mode is similar to the quadratic boost converter oper-
ation in ON mode. Inductor Loy and Loy are charged
with the capacitor voltage V. through the diode D3,
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D5 and switch SW. In SL cell, diode Dy is reversed bi-
ased by the voltage across the inductor in the SL cell.
The output voltage is delivered to the load from the
output capacitor Co.

Mode(b): Figure[2(b)| presents the current flow path
of SLQB converter in OFF mode. In this discharg-
ing mode of the inductors, the diode D3 and D5 are
blocked due to the polarity of the voltage across the
inductor Loy and Las. The output voltage is equal to
the summation of the voltage across the inductors and
capacitor. The addition of inductor in QB converter
increases the gain to 1+D times of the gain of QB con-
verter. Figure and Fig. present the waveform
for the current through the elements and the voltage
across the elements respectively.

3. Analysis of SLQB Converter

3.1. Steady State Analysis of SLQB

Converter

The voltage conversion ratio of SLQB converter is ob-
tained as follows Voltage across the inductor L; at ON
and OFF condition is

VLl = ‘/_(]7 (1)

Vil =V,—Ve. (2)

Voltage across the inductor Ly; and Los at ON and
OFF condition is

Va1 = Vioe =V, (3)

Ve—Vo
TR

Vior = Vs = (4)

Combining the Eq. with Eq. and Eq. with
Eq. by volt-sec principle, the following expressions
are obtained.

_ Y
VC - 1_D7 (5)
Vo 1+ D
= = . 6
Vg [lfD]Q ( )

Equation @ gives the voltage gain of SLQB con-
verter. Ampere-sec balance principle is applied to ob-
tain the inductor current expression for the proposed
converter. The expression for the current through the
inductor is

L+ D]Io

e "
I

Ipo1 = IL22:7170D- (8)
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3.2. Design of Inductor and

Capacitator

Input inductor current at the CCM (Continuous
Conduction Mode)/DCM (Discontinuous Conduction
Mode) boundary is

Aipy g (DT)  V,DT
I = = =
L 2 2 oL, ' 9)
1-DI*D
L, = fell=Dl'D (10)

21+ DP°f,
Switched inductor current at the CCM/DCM bound-
ary is

AiLgl _ 11,21 (DT) VgDT

Ipn=Ipe=— 5 = 20-D] Ly’ (11)
. R1-DP°D
Loy = Loz = I (12)

Equation and Eq. give the inductor design
equations, and the value of inductor can be determined
for various duty cycle and load resistance. The de-
sign equation for capacitors C and Cp is given in the

Eq. (I3) and Eq. (T4).
VoD

__ Vb 1

= Ruli-DIf.AVe 19)
VoD

Co= 2R fsAVoo' (14)

4. State-Space Averaging
Technique

The general state space representation of a system is
given by ]

z (t) = Az (t) + Bu (t),
y(t) =Cz(t)+ Du(t).
Equation and Eq. describe the state and

output equation respectively. The state space equation
for SLQB converter for ON and OFF condition is

x(t) = Ayz (t) +Biu (t), (18)
0 O 0 0
i !
L1 0 0 — 0
i | _ 9 Loy
ve 0 Yol 0 0
vco 00 -1
1 R.C (19)
in Ly
0
ve + 0 (v_‘]) )
vco 0
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-D
. 0 0 T 0/
ir1 1+D -D
= 0 0 +
v Lol U 2J 0
vco ¢ g’ -1
0 = 0
Co R.Co
z(t) = Aoz (t) +Bou (1), (20)
~1
i vl q 01
ik 0 0 —
tre | _ 2L21 2Ly
ve 1 -1 0 0
’Uc"O C 1
0 — (21)
C . R.Co
PANE
0
Vo + O (Ug)a
vco 0
y (t) =Crx (t) +Dyu(t), (22)
y (t) =Cax (t) +Dau (t), (23)
ir1
(v0)=(0 0 0 1) M |+(0)(x). (29)
vco

State system matrix (A), input matrix (B), output
matrix(C) and feed forward matrix (D) of the con-
verter is determined by considering the duty cycle, D.

A=AD+ A, (1-D), (25)
B=RBD+B;(1-D), (26)
D’
0 0 I 0
0 0 1+D -D’
A=l D —n+p| 2L021 21(’)21 , (27
C C
0 L 0 -
Co RLCO
1
Ly
B=| 0 [, (28)
0
0
C=(00 0 1), (29)
D = (0) (30)
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Vo L
— L L
ir1 VotVeo 0 -
iL2 2L21 d
o || e (&) o
l% —41r21
Co 0
4.1. Steady State Model

For both steady state and small signal analysis, follow-
ing assumptions are taken into consideration:

e Parasitic resistance of inductor and capacitor are
neglected.

e Switch on state resistance is not considered.

e Forward voltage drop of the diodes is neglected.

The steady-state model of the converter is deter-
mined by considering only DC terms. All the time
domain terms are replaced by the DC terms and the
differentiating term is made zero.

0=AX+ BU. (35)
Equation is arranged to obtain X, and it is sub-
stituted in the output equation.

0=-CA 'BU. (36)

All the matrices like A, B and C are substituted
in Eq. and solved to verify the voltage conversion
ratio of SLQB converter.

_ 2[4LyCCo |—(1+D)D?| 1
Vo= D 2L5,CCo Ly Vo (37)
Vo 1+ D
2= : 38
Vg [1—D]2 ( )

By solving Eq. 7 it is verified that the Eq. is
same as that of Eq. @ which is obtained from volt-sec
balance principle.

4.2. Small Signal Model
By applying perturbations, the overall state and out-
put equation of the converter is obtained Eq. .

The input to output voltage and duty cycle to output
voltage transfer function is obtained as follows

x(t) = Az () +Bu (t) . (39)
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!
s 0 2 0
L, 1
—(1+ D) D’ —
UO(S) — ( O 0 O 1 ) 0 2L21 2L21 %1 (31)
5(s) -p 1+D . 0
C
0 - 0 - ’
CO RLCO
vo(s) 1+D
vg(s)  [1-DJ?
1
s []. + D}le 2L21 —|—$2 [1 + D]2L100 T LlC 2L2100 n (32)
1 2 1 2 2
1-DI'R, [1-DI°R. 1-p*  [@—DP [1-D]
Lo d2hInC | [ 2000 CCo
[1-D])'R;, [1-D]*
DI —1 v
s 0 - 0 Jc
Ly L
( ) 0 S _(1 + D) D’ VC;%/CO
vols) _ 2L 2L 2L
—=(0 0 0 1 21 21 21
R T N . Ut | @)
i -D’ 0 N 1 1121
s
o R1Co Co
" —25%L1 L1 Clp01452D" (Ve+Veo) LiC—s{(1 + D)*Ipo L1+ . ..
12 ’ 72 ’
vo(s) B B oo+ 2D IpoiLon+D (1+ D)Ly [Ipi+1p21]}+D [(1+ D) Ve+D (Ve+Veo) (34)

Take Laplace transform for the Eq.

z(s) = [sI—A] " Bu(s). (40)

Substitute Eq. in the output equation to deter-
mine the transfer function

y(s) = C[sI—A] ' Bu(s). (41)

1) Input to Output Voltage Transfer

Function

Substitute A, B and identity matrix in the equation
Eq. and determine input to output transfer func-

VO(s)

tion. d(s) is made zero to determine the THOR
g
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d(s)  2L,LyCRCos*+2L1 Ly C's®+s? {(1 + D)2L1RL00+D’2LlcRL+D’22L213Lco} o

’2 14
w45 {1+ DPLi2D L} +D Ry

2) Duty Cycle to Output Voltage Transfer

Function

Again to determine the control to output voltage trans-
fer function vy(s) is made zero Eq. (33).

Duty cycle to output transfer function Eq. .

Equation and Eq. give the input to output
transfer function and control to output transfer func-
tion respectively, and it is used to design the voltage
feedback compensation.

To determine the stability of the system, follow-
ing parameters are used. V;, = 12 V, V, = 96 V,
Ry = 230 Q, fs = 60 kHz, D = 0.558. The reason
for this operating voltage for the proposed converter
is that the converter is designed for xenon lamp appli-
cation. The power rating of the xenon lamp for this
application is around 35-40 W.
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(a) Magnitude and phase plot obtained from Spice.

From: INPUT VOLTAGE To: INPUT TO OUTPUT TRANSFER FUNCTION1

o
T
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0
-
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10°

10° 10°
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(b) Magnitude and phase plot obtained from derived transfer.

Fig. 4: Bode plot of Open-loop input to output transfer function.

Hence, the passive components of the converters are
designed for 40 W, 96 V output voltage with 60 kHz
switching frequency.

Input Output
Voltage INPUT TO OUTPUT Voltage
TRANSFER FUNCTION
Fig. 7: Input to output transfer function in MAT-
LAB/Simulink.
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The values of passive components in the converter
are L1 =17 },LH, L21 = L22 = 135 }lH, cC =7 LLF
and Co = 1 uF. Figure presents the Bode plot
of SLQB converter obtained from Pspice software, and
it closely matches with the Bode plot drawn from the
derived transfer function which is given in Fig.
Step response of open loop converter from MATLAB
is provided in Fig. and Fig. shows the pole-
zero map of the same. Stability and convergence rate
of the system is affected by the location of the poles in
the right and left half of the s-plane. Step response of
open loop system tells us that the system has the very
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Step Response
44 From: Constant To: INPUT TO QUTPUT TRANSFER FUNCTION1

12

10

©

—

Amplitude

0 | | | | |
0 0.002 0.004 0.006 0.008 0.01 0.012
Time (sec)

(a)

Pole-Zero Map
-10*

Imaginary Axis
o

-
-500 0

-1000
Real Axis

(b)

-6 .
-2000 -1500

Fig. 5: (a) Step response of open loop SLQB converter, (b) Pole-zero map of open loop SLQB converter.

Step Response

From: Step1 To: INPUT TO OUTPUT TRANSFER FUNCTION
T T T T T

T T
3
3 1 beocececescccodosecsocssesodosesscesocsosdosossossasasaloy
£
€05 i
<
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0 1 2 3 4 5 6 7 8
Time (s) -3
10* 10
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< |
2 x |
=) x
g
= 5C 1 1 1 1 1 1 1 1 1 x
-10000 -9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0
Real Axis

Fig. 6: Step response and pole-zero map of closed loop SLQB converter.

fast response but poor stability. The transfer function
is simulated in MATLAB/Simulink to prove the output
voltage, and it is given in Fig. [7}

5.  Design of Controller and

Time Domain Analysis

Ziegler-Nichols’ closed loop tuning method is used to
tune PI controller. An open loop system is converted to
the closed system, and gain is added to the system until
there is a sustained oscillation in response to the step
input. Let T, be the ultimate period of the sustained
oscillation and K, is the ultimate gain which causes
this sustained oscillation.

Table [If gives the formula for the controller parame-
ters in the Ziegler-Nichols’ closed loop tuning method.
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Tab. 1: Ziegler-Nichols’ closed loop tuning method.

Ziegler-Nichols’ tuning
PI K T;
Controller | 0.4K, | 0.87,

Using this approach, PI parameters are determined,
and GPI(s) is obtained.

0.1255 4125

GPI(S): S

(42)

Equation is cascaded with Eq. to get
a closed loop system and its step response and pole-
zero map are obtained and given in Fig. [6}

A good perceptive of the time domain behavior of
SLQB converters is accomplished. Table [2] gives the
comparative study of time domain behavior of the con-
verter between the open loop and closed condition. It
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Tab. 2: Time domain analysis of SLQB converter.

Tt o Time
p Poles Zeros domain
transfer . .
. specification
function
— 03 193,102
Open loop 3.27 105 s %2'3 104 Overshoot = 71 %,
—3.27-10° — 2.3 - 10 A
transfer e T NIL Rise time = 0.04 ms,
function |t 10" +14.61-10 Settling time = 6.6 ms
T.1-10° —14.61- 102 & - obms
Closed loop —308 +i5.69 - 10*
transfer —308 —i5.69 - 10% Overshoot = 0 %,
function —141-10°+1i2-10% | —1-10% Rise time = 2.3 ms,
with PI —1.41-10% —i2-10% Settling time = 4.3 ms.
controller —915

Tab. 3: Comparison of SLQB converter with hybrid POEL converter [11].

Hybrid POEL | Hybrid POEL | Hybrid POEL
SLQB co.nverter corxverter conerter
Parameter converter with the with the with the
basic self-lift double self-lift
SI cell [17] SI cell [11] SI cell [17]
Voltage 1+ D D+ D 2D 3D — D?
gain [1 - D]? 1—-D 1—-D 1—-D
Switch 1+ D]V 1+ D]V, 2Vy [3—DlV,
voltage stress [1 - D]? 1—-D 1—D 1—-D
No of switch 1 1 1 2
No of diode 6 4 5 5
No of inductor 3 3 3 3
No of capacitor 2 2 3 4

is observed from the simulation results that the over-
shoot has reduced to 0 % with the PI controller. The
result also shows that there is a substantial decrease in
the settling time with the closed loop system. The rise
time is not reduced in closed loop compared to open
loop system.

6. Advantage of the Proposed

Converter and Simulation

140

120+ ]

100

80

60

n
Results 40 £ 1
3
In this section, comparison is carried out with the ex- 20 = 1
isting converter in the literature to emphasize the ad- 8
vantage of the SLQB converter. The superiority of 0 =
SLQB converter is proved by comparing the converter Switch voltage stress
with hybrid POEL converter [11], and it is tabulated
in Tab. [3} The converter’s advantage is analyzed with ) )
Fig. 9: Comparison of Switch voltage stress.

the same parameters used for stability analysis.

From the analysis, it is observed that to achieve
96 V output voltage from 12 V DC supply, hybrid
POEL converter with primary SI cell, self-lift cell and
double self-lift cell [I1] requires a duty cycle of 0.815,
0.8 and 0.783 respectively. However, SLQB converter
gives the same output voltage with D = 0.558. The
proposed topology requires on an average only 70 % of
the duty cycle needed for the hybrid POEL converter.
With switch voltage stress analysis, it has been found
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that the hybrid POEL converter with basic SI cell, self-
lift cell, and double self-lift cell [11] suffers from a volt-
age stress of 117 V, 120 V, and 122 V respectively for
the same input and output data. The proposed topol-
ogy has a single switch with the voltage stress equal to
the output voltage (96 V). Number of components in
the SLQB converter is 12 which is less in comparison
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158

V(R1) i
Gg o o e

min [ max | pp [ mean | rms
------- V(R1) |93.6609 97.8884 4.2275 96.0859
158 V(s1) |-0 97.8884 07.8884 42,5459 64.0871
79
V(S1)

"""" 1000083 '150.58e-3

i e . — e p——— . L—— ASo——— — A —— — j——— p—— 1 op— e — e—
V(©)
P R EERS R ERRERRRRTTRTY R
41 min | max | P mean | rms
v(C) [25.6417 28.1973 2.55553 27.3263
V(CD) |-07.8884  -03.6600  |4.2275 -96.0772 | 96.086
-57
T s S
V(C0) :
””””””””””” 114453 14463

(a) Output voltage and switch stress voltage.

I(L1)

max | pp | mean | rms
-0 6.64286 6.64286 3.86227
9.8 0 1.89569 1.89569 los4.6672-3] 1.10158
-0 1.89569 1.89560 954.667e-3 | '1.10158

I(L21)

1(L22)
"""""""""""""""" '876.55e-3 876.f

mean

min max pp

|rms
151) |-0 10.4342 10.4342 2.9336
{5llRL) [407.221e-3 [425.602e-3 18.3804e3 417.727e-3 [417.765¢-3
I(R1)
1290.36e-3 1290.4e-3

(c) Voltage across the capacitor.

Fig. 8: Simulation results.

to hybrid POEL converter with double self-lift cell and
same as that of the converter with the self-lift cell.

20

--SLQB

18 [1-<POQEL (basic Sl)

| |--POEL (self-lift SI)
-=-POEL (double self-lif SI)

16

14

-
N

VOLTAGE GAIN
S

L L L

0.4 0.5 0.6
DUTY CYCLE

0.7

Fig. 10: Dutycycle vs Voltage gain.
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(d) Inductor currents.

The voltage gain of the proposed topology is com-
pared with the converter in [I1] for different duty cycle
and its graphical comparison is shown in the Fig.
The voltage stress across the switch is calculated and
compared. From Fig. [0] it is observed that the SLQB
converter has less voltage stress for the chosen output
voltage.

Figure [§] gives the simulation results obtained from
the nL5 simulator. Figure presents the out-
put voltage and switch stress voltage. The results
achieved from the nL5 matches with the theoretical
results and it is tabulated in Tab. d with the formula.
Switch current and output current is given in Fig.
Figure and Fig. show the waveform of ca-
pacitor voltages and inductor currents respectively.
Figure[TI]supplies the step response of both the system
using MATLAB/Simulink. The response shows the im-
provement in time response with PI controller designed
with Ziegler Nicholas’ closed loop tuning method.
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Amplitude

1.5

Amplitude

! ! ! ! ! ! ! ! ! ]
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time (s)

Fig. 11: Time domain response of SLQB Converter in open loop and closed loop condition.

Tab. 4: Theoretical analysis of SLQB converter.

SLQB converter: V, =12V, V, =96 V, Ry, =230 €, fs = 60 kHz, D = 0.558
Parameter Theoretical formula | Theoretical result | Simulation result
1+ D]V,
Output,voltage L+ DIV, 96 V 96 V
[1—DJ2
Switch voltage stress Vo 96 V 97TV
QB capacitor voltage I VgD 272V 273V
Output capacitor voltage Vo 96 V 96 V
1+ D]I
Inductor current [1+ DJIo 333 A 334 A
(L1) [1 — D]?
Inductor current I
(L21) 2 0.95 A 0.954 A
Inductor current 1-D
(L22)
31,V D
RMS switch current oV D 4.78 A 4.52 A
[l - DJ]2
Output current R—" 0.417 A 0.417 A
L

7. Conclusion

A complete frame of small-signal analysis for the open-
loop SLQB converter and the controller design is
carried out. Ziegler Nicholas’ closed loop tuning is
adapted for adjustment of P and I parameter and it
is very convenient method compared to other tuning
methods. The advantages of the proposed topology
are

e High gain compared to the converter taken for the
comparison.

e Low voltage stress across the semiconductor de-
vices.
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Stability of the converter is analyzed by State-Space
averaging technique. Time response of the closed loop
system shows good results with PI controller. Simula-
tion is performed in nL5 simulator and Matlab soft-
ware. The circuit is simulated in the nL5 and it
matches with the results obtained from the steady-
state analysis. Time domain response is obtained in
Matlab software, and it matches with the results ob-
tained from the State-Space averaging technique. The
derived transfer function is verified with the Bode plot
obtained from the circuit simulator, Spice. A high gain
DC-DC converter is derived, and its steady-state and
dynamic analysis is carried out. Finally, the theoretical
results are validated with the results from simulation
software.
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