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Abstract : This paper presents the modelling and comparison of two non-isolated high step-up DC-DC converters based on a
coupled inductor: a series-connected and a parallel-connected configuration. In both topologies, the conventional boost inductor is
replaced by a coupled inductor with a controllable turns ratio, enabling higher conversion ratios without resorting to extreme duty
cycles. To keep the model suitable for control design, the coupled inductor is represented by its magnetizing inductance, with
parasitic effects included while leakage inductance is neglected. For each converter, a steady-state analysis in continuous conduction
mode (CCM) is performed to obtain the voltage gain and semiconductor device stresses. A unified averaged state-space model is
then derived, and linearized small-signal models are obtained for controller design. Simulation results in MATLAB/Simulink
confirm the analytical predictions and highlight the main trade-offs between the series-connected and parallel-connected topologies.

Index Terms - Coupled inductor, small signal modelling, magnetizing inductance, high step-up DC-DC converter

l. INTRODUCTION

Many emerging applications, including low-voltage photovoltaic (PV) modules, fuel cells, and battery systems for electric
vehicles, require efficient high step-up DC-DC conversion. The conventional boost converter is simple and widely used, but its
performance deteriorates as the required voltage gain increases. To reach a large conversion ratio, the duty cycle must approach
unity, which leads to high current stress, large conduction and switching losses, and poor dynamic behaviour.
Coupled-inductor topologies have been proposed as an effective way to enhance the voltage gain while maintaining a moderate
duty cycle and continuous input current [1],[2]. By replacing the single boost inductor with a coupled inductor, the designer can
exploit the turns ratio to extend the voltage gain and redistribute stresses. Among the many possible arrangements, two simple
and attractive options are:
1. Series-connected coupled-inductor boost converter, where the primary and secondary windings contribute in series to
the output during the energy transfer interval.
2. Parallel-connected coupled-inductor boost converter, where the windings share current in parallel in one interval and
contribute differently in the other, reducing current ripple and device stress.
Small-signal models that include leakage inductance effects [3] and switching losses [4] have been reported in the literature. In
this work, a small-signal model is derived that retains only the dominant parasitic elements, which are sufficient to capture the
essential behavior of the system and accurately predict its dynamic response. Although detailed magnetic and parasitic models
can be used, they often become cumbersome for control design. In this work, both converters are modelled in a simplified manner
captures the essential dynamics needed to design a closed-loop controller and to compare their performance.

This paper is organized as follows. Section Il describes the circuit configuration and operating principles of both the series- and
parallel-connected coupled-inductor converters. The steady-state analysis is presented in Section Ill. Section IV addresses the
linearized small-signal modelling, and Section V discusses the simulation and analytical results. Finally, Section VI provides the
conclusions.

I1. CIRCcUIT DESCRIPTION AND OPERATING PRINCIPLE

2.1 Series-Connected Coupled-Inductor Boost Converter

In the series-connected topology in Fig. 1, the coupled inductor consists of a magnetizing inductance L,,and an ideal transformer
with turns ratio n = N,/N;. The primary side is connected between the input source V;,and the switch node, while the secondary
is arranged so that, during the off-state, the induced secondary voltage adds in series with the primary voltage toward the output
through diode D. The output is filtered by capacitor Cand supplies a resistive load R.
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Fig.1 Series connected coupled inductor boost converter
Mode 1 (switch ON):
Figure 2(a) shows the ON period of series-connected CI boost converter. The main switch Sconducts, diode Dis reverse biased,
and the magnetizing inductance is energized from the input. The load is supplied by the output capacitor.
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Fig.2 ON and OFF periods of series-connected CI boost converter
Mode 2 (switch OFF):
Figure 2(b) shows the OFF period of series-connected CI boost converter. The switch is turned off, diode Dturns on, and the
energy stored in L,,is transferred to the output. The primary and secondary voltages appear in series at the output, resulting in an
increased effective boost action.

2.2 Parallel-Connected Coupled-Inductor Boost Converter
nl,,

Fig.3 Parallel connected coupled inductor boost converter
In the parallel-connected topology in Fig. 3, the same coupled inductor is used, but the windings are rearranged so that they
behave effectively in parallel from the input side in one interval and in a different configuration in the other interval. The goal is to
share the input current between the windings and reduce current ripple and device stresses.
Mode 1 (switch ON):

Figure 4(a) shows the ON period of parallel-connected CI boost converter. The switch Sconducts and both windings are
energized in a way that they draw current from the source with a largely parallel effect, leading to reduced input current ripple.
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Fig.4 ON and OFF periods of Parallel connected coupled inductor boost converter

Mode 2 (switch OFF):

Figure 4(b) shows the ON period of parallel-connected CI boost converter. The energy stored in the magnetizing inductance is
released to the load through diode D. The contribution of the secondary depends on the exact connection, but generally it partially
assists the primary in boosting the output voltage, giving a gain higher than the conventional boost, though typically lower than the
series-connected case for the same turns ratio.

I11. STEADY STATE ANALYSIS
To obtain models suitable for analysis and control design, the following assumptions are introduced:

e The coupled inductor is represented by a magnetizing inductance L,,,and leakage inductances is neglected due its small
value compared to magnetic inductance.

e The converter operates in continuous conduction mode (CCM), so the magnetizing current never falls to zero.
e The output capacitor Cis large enough that the output voltage ripple is small within a switching period.

Under these assumptions, each topology can be described by two operating sub-intervals per switching period, and averaged over
one period using standard state-space averaging.

Let ddenote the duty cycle and T,the switching period. VVolt-second balance is applied to the magnetizing inductance L,,.

d V{rmon} T 1 - d)v{Lm,off} =0 (1)
The ideal voltage gain of series-connected CI boost converter is
Gain_s = &4 2
- 1-a

The ideal voltage gain of parallel-connected Cl boost converter is
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Fig. 5 Comparison of ideal voltage gain equations

Figure 5 illustrates these two gain characteristics as functions of the duty cycle for n = 1,2,and 3. The series-connected converter
consistently exhibits a higher voltage gain than the parallel-connected one, highlighting its suitability for applications requiring
very high step-up ratios. The parallel-connected topology, while offering a more modest gain, provides an appreciable
improvement over the conventional boost converter and may be preferred when other factors such as current sharing and device
stress are considered.

IV. LINEARIZED SMALL SIGNAL MODELLING

Let I, and I, are the parasitic resistances of coupled inductor in primary and secondary sides, I is the switch resistance, I

is the ESR of capacitor, I}, is the forward resistance of the diode and VD is the cut-in voltage of the diode.

a) Linearized Small-Signal Model of Series connected Coupled Inductor Boost Converter

The inductor in the boost converter can now be replaced with a coupled inductor to enhance the voltage gain by taking advantage
of its turns ratio. The primary and secondary windings of the coupled inductor is connected in series, as shown in Fig. 6.
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Fig. 6 Series connected coupled inductor boost converter

Consider the ON and OFF circuit configurations of the series-connected coupled inductor boost converter, including parasitic
elements, as depicted in Fig. 7.
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Fig. 7 ON and OFF periods of series connected coupled inductor boost converter

The primary inductance of the coupled inductor is denoted as Lm, while the secondary inductance is expressed as nLm, where n
is the turns ratio of the coupled inductor. The independent state variables are the magnetizing inductance current, im and the
voltage across the output capacitor, Vc. The state-space averaged model is derived by applying Kirchhoff’s voltage and current
laws to the ON and OFF circuit configurations. The ON-state equations are given below:

Vimon = Vin —irm (r01 +75)

(4)
iCON = _IO (5)
Vo =Ve — lyre ®)
The OFF-state equations are given below:
r r r
(n+ 1)Vimorr = Vin = Vb — Vo + Iore —ip,, («rm 42 b C)
. Il'.'Lm
tCOFF = — Iy
(8)
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iLmTC‘

Vo=Ve + — Igre
9)
By applying the volt-second balance principle to the above equations, the ideal voltage gain of the series connected coupled
inductor boost converter can be derived as follows.
Vo/Vin = (1 +nd)/(1—d) (10)
The ON period is identical to that of a conventional boost converter, while during the OFF period, the elements discharge in
series to achieve a high voltage gain. The state equations are derived as presented in (11) and (12).
di " — dl‘l?ﬂon (1_dn)?ﬁ°ff _ (]_—d()) -
Cll{[’t — ( Lon + Loff Loff ?’LTR
dvg (1—do) 0 UC
dt nC L B
do 1—dy _ (A—=dy) (d—=dy)rc Vin,
+ | Lon  Logy Loyy Loflf Vp
0 0 - i
- (11)
where Loy, = Ly, Losr = (M + DLy, Ton = 114 + 75, To5p = 1pq + 1i2/n+1p/n+1¢ /0
U= [(1—do)e 1] [ 2™ +[0 0 —rc] VD
(el -—
‘LO
(12)
\%
o~ 7 0 A0
B = 7_(32“(:1'10 , where Gain = 11+ 'H;’«n
" - (13)
The control-to-output transfer function of the series-connected coupled-inductor boost converter is derived and the resulting
control-to-output transfer function is given below.
S l — (1+nd[)}(n+1)-{‘rn-{ﬁ
AVy(s) Vo(1 —dy) ‘ (1—do)?Vh
Ad(s) (n+1L,,.nC (. doron  (I=do)ross ) (1—do)?
(5) ( )L S\t T oL, ) ST ne s
(14)

The existence of the series-connected coupled inductor with turns ratio n changes both the system's dynamic behaviour and its gain
compared to a regular boost converter. The numerator in (27) adds a zero, while the denominator is a second-order polynomial that
shows the system's dynamic poles, which include both damping and natural frequency terms. The transfer function structure is like
a normal second-order system with a zero in the right half-plane (RHP). It can limit the control bandwidth and phase margin.

b) Linearized Small-Signal Model of Parallel connected Coupled Inductor Boost Converter
nl .,
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Fig. 8 Parallel connected coupled inductor boost converter

The ON and OFF circuit configurations of the parallel connected coupled inductor (CI) boost converter, which include parasitic
elements, as illustrated in Fig.9.
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Fig. 9 ON and OFF periods of parallel connected coupled inductor boost converter
In a similar manner to the series-connected coupled-inductor converter, the state-space representation of the parallel-connected
converter can now be expressed as follows:
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(15)

— Iy T iLm s
v, = [(1—do)™ 1] | [0 0 —re ‘:_;;.

o (16)
The corresponding control-to-output transfer function for the parallel-connected coupled-inductor boost converter is given in
(33).

— ) _ 1 14 ndy—dynL, Iy
-&I".l]("j} _ I-".“l:l I:’;ilﬂ_] = (1—dp)?
Ad(s) — nLynC (2 (dorey o Oododrogs) o) (1-do)?
' L Lo ) nC L
17

L2 LS L
Pon =Tr1 T T« Toff = — F—+ —
where Tl T T

V. RESULTS AND DISCUSSIONS
Table | lists the design parameters used for both converters.

Table I: Design Parameters

Specification Symbol Value
Output power Po 100 W
Input voltage Vin 24V
Turns ratio of coupled inductor  n 1
Steady-state duty cycle do 0.5
Magnetizing inductance Lm 40 pH
Output capacitance C 40 pF
Primary winding resistance rn 0.05Q
Secondary winding resistance ro  0.05Q
Diode forward resistance o 0.05Q
Switch on-state resistance rs  0.05Q

Figure 10 shows the open-loop responses of the mathematical models of the series- and parallel-connected coupled-inductor boost
converters.
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Fig. 10 Open-loop responses of the mathematical models
Figure 4 illustrates the open-loop output-voltage responses of the mathematical models for the series- and parallel-connected
coupled-inductor boost converters. Starting from zero initial conditions, both converters exhibit a fast rise and a small transient
overshoot before settling to their respective steady-state values. The series-connected topology converges to approximately 72 V,
whereas the parallel-connected topology settles around 48 V, in accordance with the ideal voltage-gain expressions derived earlier.
These results confirm that the series-connected converter provides a higher step-up ratio than the parallel-connected one under the
same operating conditions and validates the analytical aspects.
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V. CONCLUSIONS

This paper has presented the modelling and comparative analysis of series- and parallel-connected coupled-inductor boost
converters. Simplified averaged state-space models and corresponding linearized small-signal representations were derived in a
form analogous to the conventional boost converter, resulting in second-order control-oriented models for both topologies. These
models explicitly incorporate the effect of the turns ratio and parasitic resistances, while remaining sufficiently simple for analytical

study and controller design.

The open-loop responses of the mathematical models, shown in Fig. 4, confirm the expected steady-state behaviour: for identical
design specifications and duty cycle, the series-connected converter settles at approximately 72 V, whereas the parallel-connected
converter settles around 48 V. This agrees with the ideal gain expressions and clearly demonstrates the higher step-up capability of
the series configuration. Both converters exhibit fast transient response with limited overshoot, indicating that the proposed models
capture the dominant dynamics effectively.

From a comparative standpoint, the series-connected coupled-inductor boost converter is more suitable for applications requiring
a higher voltage gain from the same input source, while the parallel-connected converter offers a lower output voltage but can be
advantageous when reduced current stress and more moderate gain are sufficient. Overall, the developed models provide a useful
basis for further work on closed-loop control, optimization, and hardware implementation of coupled-inductor high step-up
converters in renewable energy and other DC-DC interface applications.
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