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ABSTRACT: This paper focuses a novel non-isolated coupled inductor based DC-DC converter with excessive VG (voltage gain)
is analyzed with a state-space modeling technique. It builds up of using three diodes, three capacitors, an inductor and CI (coupled
inductor). The main switch S is turn on due to body diode and voltage stress is reduced at the switch S by using diode D, and
Capacitor C;. This paper focuses on design modelling, mathematical calculations and operation principle of DC-DC converter is
discussed with state-space modelling technique. The performance has been presented for two different voltages for EV applications,
i.e., 12 V, 48 V as input voltages with a high step-up outputs of 66 V and 831.7 V respectively. The converter stability is studied
and determined the bode plot along with simulation performance results which are carried out using MATLAB R2022B.
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1. Introduction

Recently, in every industrial application a boost converter is mostly widely used, due to environmental reaction of
utilizing nonrenewable energy and reducing of individual store have complete it mandatory to utilize clean and
inexhaustible power sources [1,2]. The application of converter is in energies, PV (photovoltaic), wind and FC (fuelcell)
are used as DG systems [3]. These systems be naturally depending on atmosphere. For instance, in some systems, for
increasing the output voltage PV cells are united in sequence, the dark effect cannot be obtained in this condition [4].
For boost the output boost converter are used in this system, each PV panels can have controlled itself individually by
connecting these converters, with smaller in size along with high conversion gain ratio and greater efficiency are the
features of boost converters [5]. For photovoltaic functions, maintaining low current ripples across the input side is also
necessary. However traditional boost converter attains required HC (high conversion) ratio with greater D (duty cycle).
Moreover, due to less transformation efficiency, reversal-recovery and Electro-magnetic- induction (EMI) troubles, the
excess voltage gain will not have achieved [6].

Now a day’s, many converter arrangements with various novel techniques has been discussed recently by achieving
greater voltage gain and efficiency. There are few techniques which are switched capacitors and voltage lift for getting
excess VG [7]. Higher current ripples across the major switch are the significant fault of these converters which reducing
the performance effectiveness and voltage increase of the converter [8]. By getting high voltage increase the turns across
the coupled inductor is adjusted. However, voltage spikes obtained across main switch because of leakage inductance,
and it cause high power dissipation. The storage energy across the leakage inductor should be regained for eliminating
such a problem. So, a voltage clamp is needed for such a type of designed converters. Various voltage clamps have
been introduced for different coupled inductor-based converters. The major drawback is high input current ripples
across the inductor [9]. Due to small effective action of fuel cells, such type of converters is not applicable for these
systems. High step up non isolated closed loop coupled inductor base converter has been introduced. By using a greater
number of components is the main concern of all these converters, hence this paper discussed about SEPIC based
converter has been introduced. The input side current rippled have be reduced due to owning the SEPIC converter has
an inductor which is connected at source side [10,11].
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A high step-up Cl-based DC-DC power converter shown in Figure 1. As shown in this picture, for reducing input
current ripples inductor connected across the input side. Due to C1 and D1 the switching voltage is reduced. This gives
a switch S with low on state-resistance Rdso, to reduce the conduction losses [12]. However, switching losses are
reduced due to ZCS condition. The operation principle explained on given below.

The major contribution of this paper is as followed
Proposed a novel DC-DC converter for high gain applications along with mathematical modelling and design parameters.
A novel state space modelling technique is presented and analyzed for battery storage applications and EV applications.

3. Detailed simulation model is presented for two different case conditions, case-1 is for 12 V to 66 V conversion
with a D = 0.5, where in case-2 48 V to 831.7 V conversion with a D =0.7.
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Figure 1. Non-Isolated HG DC-DC converter.

2. Operating Principle of the Non-Isolated CI DC-DC Converter

The operating principle and analysis of the closed loop DC-DC converter, during this entire derivation there are some
ideal conditions to be consider. All capacitors and inductors are having the minimal voltage ripples and current ripples which
are coming under 2% [13]. The continuous and discontinuous conduction mode waveforms are presented in Figure 2.
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Figure 2. Ideal waveforms for Proposed DC-DC converter: (a) CCM; (b) DCM.

2.1. Analysis of CCM for Proposed DC-DC Converter

The main non-isolated DC-DC converter operation analyzed under CCM at single switching period consisting of
five different time intervals. The current direction in the main converter and waveforms is shown in Figure 3. The
inductor current of the non-isolated CI is defined in Equation 1:

. igm — ik
ipge ——— (1)
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The inductor current and secondary sided non-isolated coupled inductor current cannot change synchronously. The
complete operation and steady-state study of the non-isolated converter is discuss on below.

2.1.1. MOdeI[to<l‘<t1]

The main switch S and Diode D3 is turned on. iz is increased to equal iz, in this time interval. This mode ends
when the izx & iz, of the non-isolated coupled inductor are the same.

The equation of izx can be written as:
. 1t VoV,
e = ﬁffol (Vc1 —Vea t OT“) dt ()
First mode of interval is very small and the Vixis high, and the value of Lk is less. By the V) the inductor L is
magnetized. After completed this time interval, the Ns current of the non-isolated coupled inductor as well as a result,
the diode ip3 becomes to zero. Using KCL, the iscan be written as:

Is =1 + i — s (3)
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Figure 3. Interval [to-t;] in Mode-1.

2.1.2. Mode II [l‘1< < tz]

The switch is quiet on in this time interval and the circuit mode is shown in Figure 4. The i, decreases linearly
and exceed izx. The izx equation can be taken as follows:
13 -1l
Vg = (ke k) Lk(”;TS”‘(“)) L
The diode D; turns on due to flow of Ns current. Thus, Diode D, current increase gradually from zero. The Cs is
Energized Due to the Nycurrent of the non-isolated coupled inductor The stored power in capacitor C; is de-energized
to the capacitor C; and coupled inductor. Due to the input power supply the inductor L is magnetized. This time interval
completed when switch is in open circuited. In this time interval, by using KVL, the voltage equation can be obtained
as follows

K iLk = niDz + iLm (4)

v, =V, (5)
Vim =Ve2 = Ve1 = Vika (6)
Ves = (m+ 1)V — Vi — Ve, (7
where n = NS/NP
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Figure 4. Interval [t;-t;] in Mode-2.
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2.1.3. Mode III [l‘2< < t3]

The inductor current i; discharge through diode D and it turns on similarly the switch is open circuited at this time
interval and shown in Figure 5. The D; and D; currents are written as:
ip1 =1y + ik +ip2 (8)
ipy = H A )
The irx is de-magnetized continuously and its equals the iz,. The ip, remains zero at this time interval. izx can be
written as follows:

S N
Lk = ?—ch de (10)

From above equation, a low value of leakage inductor and a high negative voltage creates its current slope to be
high and it also present at small time interval. Due to the input source energy and de-magnetizing inductor L the
capacitor C; is charged [13—16]. When diode D is tuned off then this mode will be ends.
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Figure 5. Interval [t2-t3] in Mode-3.

2.1.4. Mode IV [:< £ < ]

Due to V; and Inductor storage energy the capacitor C; is charged in this time interval and shown in Figure 6. In
this mode, the leakage inductor voltage will be altered. Its voltage equation will be able to taken as follows:

_ (iLk(t4)_iLk(t3)) . _ . .
Vika = T ars Ly, iy = —nip3+ipm (11)

dsTs are time interval of this mode. Due to the Ns current of the non-isolated coupled inductor the C is charged. The
diode current D, will be written as:

ipr =i +ign — (n+ Dips (12)
when ip; becomes zero then this mode will be ends. However, the slope of iz is less than i;x, according to equation (1),
the slop ipsis +ve. In this mode the Vi, Vi, can be written as:

VL = V]_ - VCl (13)
Vim = —Ve1r = Vika (14)
Vim = Ve1 + Vez Ve +nlVppy (15)

Vi

R o

Figure 6. Interval [t3-t4] in Mode 4.
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2.1.5. Mode V [t4< < l‘5]

Diode D; is still on in this mode. Due to ips the Cy is energized. The ip; written as:
. iLtigm . -n (., i
ips = LI, iy = o (i, — ) (16)
The diode Ds and the izx slope calculate on the iz, izaslope. Eliminating the iz, iz, ripples taking the slope of ip3 and
the izx becomes to zero. Then Vi will be zero. As stated in this equation, current is zero when S becomes on at the
starting of mode one and shown in Figure 7. So, under zero current the switch is short circuited. Using KVL the voltage

equations be able to be taken as follows:

v
Vim = —Vez2 — #VLML - ﬁ (17)

Vp=Vy = V1 — # (Vika = Viks) (18)
The slope of irx in modes 2 & 4 can be used to calculate Vx> & Vigs. The non-isolated coupled inductor primary
and secondary sides are in series with the capacitors C, and Cs, izx and iz, avg. currents are zero, according to Amp-Sec

balance principle. By applying balancing formulas on the C;, C; &Cs3, Cy it can be justified that the i, equal to the average

value of diode current. Therefore, the following equation can be obtained from Figure 2,
21,

(ip2) = Ip = Dipy peak = 2Ip = ipz peak = o (19)
ipg—i . 21 . 2nl,

% = lp2 peak = Fo = lik peak = TO (20)
So the iripples 0f the L and L, are also in-considered in voltage gain computation. The isuess 0f the S and D can be obtained

as given below:

. S ) 2n+2-nD
Ip1peak = lL +im t+ (n+ 1)1D2peak = (%) 0 (21)
By in-considering the 3rd mode using this equation, the 4th time period can be obtained as
. duTsl 2(1-D)
(ip1) =1 = ;Tsl“ﬁdtt = Thiz (22)
Due to (4) and (19) equations The voltage Vi can be found as:
2ny, fsL
Vikz = D_ZOQ» Q= R—LK (23)

where, fowicch and Ry, respectively. Join Volt-Sec balance basis on the Lx. By neglecting mode 1 and 3, the following
equation is obtained.

DTsVikz + daTsViga + 0 =0 = Vg = _%VLI«} (24)
Applying Volt-Sec balance basis on the inductors the output is:
Ver = (1‘:10) - (n+17)1(2n+2) Vika (25)
Vez = (f—V;) - (n+1r)l(2n+2) Vika (26)
Vez = 1-(|-1n_—Dr;D 175, HT)I; +2) Vika = MVpk2 (27)
—D\p?
= (n+1)(1+D§1[1):i)rle(—DZ)([i+n)+nD)><Q [i:r_g] (28)

The Vgain of proposed converter is

(29)
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The voltage stresses of the switches/diodes can be formulated According to the operation principle of the new
converter. To find the relevant semiconductors of the non-isolated DC-DC converter, the Vgyess & isiess Should be obtained.

— — "
Vs =Vpy = Vg = = (30)
1)V,
Vpa =Vpz = Vo =V = % GD
From equation (19) the Dapeax) is obtained. The value of Speax and diode Dipeax) currents is as follows:
. . 2n+2-nD 1, n)\DV
ls peak = lp1peak = (m) Iy + (z + ;) Z_fsl (32)
Based on Figure 3 and taking equation (32), the current value of Ds(pea) can be explained as given below:
. _ _ ip3peak(2(1-D)—d,) , _ _(n+2)1
(ip3) = 1o ==+ 2 Ip3 peak = m (33)
By neglecting the ESR of the Co, the V), ripple of the new converter can be given as follow
1 (DTs . DV,
Veo(DTs) = Vio(0) + c_ofo *ico(B)dt = |AVe| = stLOCO (34)
ESR _ : ESR _ (n+2)V,
AVCO = Teg AlCo max = AVCO = Teo (RL(n+1)(1°—D)) (35)

3. Controller Design and Stability Performance

This section deals with the proposed state-space modelling technique to analyses the converter dynamic conditions
[14]. The control technique is derived from the input to output with respective to control the output of the converter and
the transfer functions are derived as mentioned in the below. The inductors and capacitors are connected in parallel,
hence all the components are named and derived as L, C using second order transfer function [15].

Equations (36) and (37) denote the input to output relation and control to output transfer function, the frequency
plots are drawn using the same equations and by using the original values the derived equations are in (38) and (39)
respectively [16]. Figure 8 denotes the frequency response plots of the system with proposed system.

Vo(s) R,(1+2D)(1-D)

Vg(5)  3LCyR,s2+3Ls+(1-D)2R, (36)
ol [(1+2D)(1—D)VQ—SLCIDS]((;?T°D) (37
d(s)  3LC,R,s2+3Ls+(1-D)2R,

Vo(s) 2175

V;_E_S) T 2.6e 652+3e *52421.75 (38)
Vo(s) 2088—0.03966s

d(s)  2.6e ©s2+3e *s2+21.75 (39)

Bode Diagram

&5 Gm = Inf dB (at Inf rad/s) , Pm = 0.758 deg (at 9.59x10°rad/s)
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Figure 8. Bode Plot Stability Analysis.

4. Simulation Results

This section gives a brief on simulation results and the performance analysis of proposed DC-DC converter for
battery storage system application is presented in two different conditions. In the first condition converter is designed
at a duty cycle of 0.5 with an input and output voltage parameters are showed in Table 1. In the second condition
converter is designed at a duty cycle of 0.7 at different voltage conditions and parameters are showed in Table 1.
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Table 1. Proposed Circuit Parameters.

Parameters Electrical Values
Input Voltage 12V,48V
Output Voltage 66 V,831.7V

Capacitors Cy,2, 3,4 47 pF

Filter Capacitor Co 180 puF
Inductors 365 uH
Couple-Inductor L, 125 pH
Switching Frequency 35 kHz

Figure 9 shows the condition 1, where the converter is operating at in input voltage of 12 V at an output voltage of
48 V at a duty cycle of 0.5, and the other associated waveforms of switch voltage, diode voltage and capacitor voltage
are presented. In Figure 10 the current waveforms of associated components like output current, inductor currents and
diode currents are presented. From Figure 11 it illustrates the converter condition 2, which explains the converter
adaptability at high voltage conversion from 48 V to 831.7 V along with switching voltage.

Voltage(Volts) e
: wSEE

0.3246 0.3248 . 0.325 0.3252 0.3254
Time(Seconds)

Figure 9. Voltage Profile of Proposed DC-DC Converter.

‘l'i (P S———— | Outputcurrent(@) T

0.5

Current(A)

' ' ' ' '
P CD b B T CD i D Ll G0 b B Ll ©D b B R O b R D

0.5182 0.5183 0.5184 0.5185 0.5186
Time(Seconds)

Figure 10. Current Profile of Proposed DC-DC Converter.
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Figure 11. At Different Voltage of Input and Output with D =0.7.

6. Conclusions

A novel closed loop high step-up DC-DC converter with state-space controller for boost applications with stiff
voltage regulation is presented in this paper. The new converter had major advantages like high voltage gain, low current
ripples at input side and zero current switching, low V.. at switch. The converter simulations are presented at two
different conditions of duty cycles which is at D = 0.5 and 0.7. At all these conditions the converter is performed well
and can be used as battery charger as well as auxiliary DC-DC converter for vehicle applications as well as PV systems.
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