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Abstract

Hybrid electric vehicles (HEVs) have attracted much attention due to their better energy economy and
have now become a major mode of urban transportation systems. The DC/DC converter is one of the
most important components in the energy conversion system of a hybrid vehicle. In order to match
the voltage level between the battery and the DC bus, this paper presents a novel DC/DC converter
with high gain and a wide input voltage range based on coupled inductors. As the required power
interface, the converter implements ZVS and ZCS to reduce the voltage/current stress on the power
switch. The proposed topology includes a resonant cavity that significantly reduces losses during
switch operation. The detailed operating modes of the proposed converter are analyzed, and the
conditions for the realization of voltage stress, voltage gain, and soft switching are derived. Based on
the dsPIC33F]64GS606 digital controller, a prototype rated at 300W is built and achieves high efficiency
90% at a voltage gain of 10 times. The experimental results successfully validate the effectiveness of
the proposed converter.

Keywords: coupled inductance; DC-DC; high-gain; soft-switching; HEV

1. Introduction

The deep damage caused by fossil fuel burning to ecosystems and public health has become
a major global challenge that needs to be addressed urgently. To address these negative impacts, a
systematic shift to renewable energy systems is not only a key initiative to mitigate climate change,
but it has also become a core strategy for the international community to jointly promote [1-3]. DC
microgrids are often integrated with renewable energy systems such as solar and wind. However,
the output voltage level of these power generation systems is low, making it difficult to meet the DC
bus voltage requirements of microgrids. In the field of hybrid electric vehicles (HEVs), due to the low
output voltage of new energy sources such as fuel cells, it is often necessary to connect multiple battery
cells in series. This increases system cost and efficiency, so DC-DC converters with high voltage gain
and high efficiency have become the focus of current research [4-7].

Current research on high-gain converters has two main technical routes: isolated and non-
isolated [8,9]. For example, isolated DC-DC converters with push-pull, half-bridge, full-bridge,
and forward-flyback are used to realize high-voltage gain by adjusting the number of turns of the
transformer [10-13]. However, due to the unavoidable leakage inductance of the transformer, these
converters often have high power losses and are prone to high spikes in switching voltage [14]. In order
to minimize the impact of voltage spikes on converter stability, additional active clamping techniques
and buffer circuits are often used [15]. However, the use of drivers increases the cost and complexity
of the circuit.
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Even if the conventional Boost converter operates under higher duty cycle conditions, its actual
voltage gain is still difficult to meet the high gain requirements, and there is a technical problem of low
efficiency. Ref. [16] architect the Boost converter and Cuk converter together using switched capacitor
doubling units with magnetic coupling of the input and output inductors. This approach reduces
the current ripple and decreases the size of the converter. Although the article analyzes the peak
diode current caused by capacitor imbalance and selects appropriate devices accordingly. However, a
capacitor imbalance still occurs during actual operation, affecting the stability and reliability of the
circuit. In [17], a novel high-boost converter suitable for fuel cell systems is proposed. The interleaving
structure reduces input and output ripples, and the addition of additional capacitors as voltage dividers
reduces the voltage stress of active switches and diodes, enabling the use of lower-rated voltage devices
to reduce switching and conduction losses. However, the structure of the new converter is complex,
including multiple parts such as the interleaving structure and an additional capacitor voltage divider.
Ref. [18] proposes a modularly expandable high-gain boost converter, which can flexibly adjust the
voltage gain by increasing the number of booster modules, and all its switches can realize Zero Voltage
Switching (ZVS) opening in the entire load range. The conversion efficiency of this converter is higher,
but the average current of the input inductance is larger. Ref. [19] presents an improved Y-source
DC-DC converter. It utilizes resonance to realize the ZVS of the switch, so the circuit structure is simple
and requires fewer devices. Magnetic coupling between the coupled inductors can reduce inductor
current fluctuation, lower the switch voltage drop, and reduce the conduction loss, thus improving the
efficiency of the system. However, the leakage of the transformer causes voltage spikes, increasing
losses and electromagnetic interference. Reference [20] addresses this problem. It designs a passive
absorption circuit by combining a multiwinding coupled inductor and a voltage-multiplying capacitor
unit to recover leakage energy and suppress voltage spikes. Ref. [21] uses a lossless passive clamping
circuit to reduce the voltage stress of the main switch. Therefore, the large voltage spikes on the main
switch are alleviated and efficiency is improved. However, the circuit design is complicated and the
stability performance of the converter needs to be improved. Reference [22] effectively reduces current
ripple by series coupling the input inductor. The high voltage gain is realized by adjusting the turn
ratio of the coupled inductor.

In conclusion, high-gain converters generally suffer from high energy loss and limited conversion
efficiency. There are various parasitic parameters in the circuit, such as the resistance of the inductor
and the on-resistance of the switch. As a result, energy is lost in large amounts during high-gain
conversion, reducing the overall efficiency of the converter. It is difficult for the converter to maintain
high conversion efficiency at high power outputs or with a wide range of input voltage variations. Its
conversion efficiency may decrease significantly with changes in load or input conditions.

In this paper, an integrated high-gain DC/DC converter topology based on coupled inductors
with a voltage multiplier unit is proposed to match the battery voltage and dc bus voltage in the energy
conversion system of a hybrid vehicle. The capacitors at both ends of the coupled inductor can be
used as energy-exchange capacitors to improve the circuit voltage gain. It also absorbs peak voltages
caused by leakage inductance to reduce the voltage stress on the switches. The voltage multiplier
unit allows for higher output voltages to be achieved without adding additional components. The
voltage multiplier inductor is involved in constructing the resonant cavity to realize the soft switching
characteristics of the power tube, resulting in lower switching losses. The main contributions of this
paper can be summarized as follows.

(1) This paper presents a high-gain DC/DC converter based on a coupled inductor with a wide
input voltage range. As the required power interface, it implements ZVS and Zero Current Switching
(ZCS) to reduce the voltage/current stress on the power switch. It also matches the voltage level
between the battery and the DC bus.

(2) Capacitors at the ends of the coupled inductors can be used as energy exchange capacitors
to increase the voltage gain of the circuit. Peak voltages caused by leakage inductance can also be
absorbed, thereby reducing the voltage stress on the switching tube.
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(3) The voltage multiplier unit allows for higher output voltages to be realized without adding
additional components. The voltage-multiplying inductor is involved in the construction of the
resonator, which realizes the soft-switching characteristics of the power tubes and reduces the switching
losses.

(4) According to the experimental results, the high efficiency of 90% can be achieved at a voltage
gain of 10 times.

The rest of this manuscript is arranged as follows: Section II introduces in detail the system
topology and operation principle. The voltage and current performance of the system is analyzed in
Section III. In Section IV, the realization condition of the soft switch. Section V shows the closed-loop
simulation and experimental verification results. Finally, a brief conclusion is given in Section VL

2. Coupled Inductance Based High Gain DC/DC Conversion System Configuration
2.1. System Configuration

In this paper, a coupled inductor-based high-gain DC-DC converter topology is proposed, which
centers on the establishment of a two-stage energy modulation architecture. The high voltage gain is
realized through the series connection structure of the coupled inductor and the voltage doubling unit.
Among them, the latter voltage-doubling unit is composed of an interleaved LC resonant network.
Specifically, the coupled inductor is used first to improve the voltage gain through the magnetic
coupling effect. Then the voltage gain is further improved by the voltage doubling unit in series in the
back stage. The main switch performs zero voltage turn-on by connecting the resonant capacitors in
parallel at both ends to reduce converter losses. The topology realizes efficient energy transfer through
the dynamic coupling of the magnetic energy-electric field. This structure provides a low-ramp and
high-efficiency power supply to the load.

The circuit topology of the proposed is shown in Figure 1. The converter consists of two parts:
the coupling inductance boost structure and the later stage voltage doubling unit, including the input
inductance L;,,, the switch (Q), three diodes (D1, D5, D3), and five capacitors (Cy, Cy, C3, Cy4, C,), a rear
inductor (L), and a double-winding coupled inductor (the winding turns are Ny, N;, respectively). V;,
and V, are input and output voltages, respectively. Diode D; and the Q switching transistor enable
the input inductor to operate in continuous current mode. Capacitor C4 and the inductor exchange
energy to enhance the output voltage, while also absorbing the leakage energy of the coupled inductor
to suppress voltage spikes. The rear inductor L, winding N, and capacitors Cg, Cy, C3, C3, C4 form a
resonant cavity. Cg includes a parasitic switch capacitor and an external capacitor.

Conversion

J.“.U.L signal Vo

Modulation €~ Controller

lref

Digital Micro Controller

Figure 1. Converter topology.
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2.2. Operation Principle of the Proposed Converter

The proposed single-switch converter topology employs a single active power device. Its opera-
tion mechanism is controlled by the interaction of the gate drive signal with the polarity of the current
in the coupled inductor. In steady-state operation, the switching cycle consists of six distinct phases
(Figure 2). Each operating phase has a corresponding equivalent circuit configuration (Figure 3).
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Figure 2. The main waveform in a switching cycle.

State 1 [#y-t1]: The switch achieves ZVS in this state, and the diodes D4, D, D3 are reverse cutoff.
The equivalent power conversion circuit is shown in Figure 3(a). The input voltage V;, charges the
input inductor L;,, which serves as the input energy storage. The coupled inductor front stage winding
N, transfers energy to the rear stage winding Ns. The voltage doubling unit inductor L and capacitors
C3 and Cy4 form a loop. The input inductor voltage is equal to the input voltage, and the input inductor
current iy ;, rises linearly with the rate of change:

. . 1 h
i (8) = i, (t0) + 1 [ Viydt (1)
in Jto

The inductor L of the voltage doubling unit is boosted in series with the capacitors C3 and Cy4. The
current and voltage expressions for the rear inductor L are as follows:

1 (h
iL(t) = itlto) + T [ (Viu— 0y (6) —vc, (1)) @

VL(t) = Vip —vc, (t) —vc, (t) )

C1 and C; are charged by the input inductor current. C3 and Cy4 are charged by the inductor
current of the doubling unit. C, does not participate in the charging and discharging of the preceding
circuit and releases energy by supplying power to the load.
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Figure 3. This is the equivalent circuit for each mode of the circuit. The circuit has six states: (a) State 1 equivalent
circuit. (b) State 2 equivalent circuit. (c) State 3 equivalent circuit. (d) State 4 equivalent circuit. (e) State 4
equivalent circuit. (f) State 6 equivalent circuit.

State 2 [#;-t2]: In this state, the switching diode renews the current and the capacitor network
is charged. The equivalent power conversion circuit is shown in Figure 3(b). At this point, the main
switch Q is cut off, and the diode remains cut off due to reverse bias. At this time, the input voltage
is charged to the resonant capacitor Cg through the input inductor L;;,. The input inductor current
decreases linearly:

1 (R
i () = () & 1 [ (o, (0 +0c, (1) — Vo)t )

The voltage of the input inductor is:

Vi, = Vin— Ve, ()

The input inductor L;, transfers energy to the back stage inductor L and the capacitor network. The
current and voltage of the rear inductor L are:

1 h
(1) = () + 7 [ o (0) + o, (1) — Vo) ©

VL = ‘/171 - Ucl (t) - ng(t) (7)

State 3 [f,-#3]: This state is the phase of inductor energy release and fast charging of the capacitor
network. The equivalent power circuit is shown in Figure 3(c). The main switch Q stays off and the
charging of the resonant capacitor Cg is complete. Diodes D1, D>, D3 naturally conduct due to forward
bias. At this time, the input inductor current expression is:

. 4 1 [t
i, (t) = iL(t2) + Z/t (ve, (8) + ¢, () — Vo)dt ®)
2
The voltage of the input inductor is:

Vi, = Vin — ve, (t) —ve, (1) )

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1335.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2025 d0i:10.20944/preprints202507.1335.v1

6 of 19

In this state, the current i; p of the front-stage coupled inductor increases linearly and the back-stage
coupled inductor current ir; decays linearly. The input inductor L;,. and the coupled inductors
together perform energy injection to the capacitor networks C; , Cp, and C,. The formula for the
back-stage inductor current is the same as that of state 2, which still maintains a linear decrease. The
voltage of the rear inductor can be expressed as:

VL(t) = Vo — v, (1) — v, (£) (10)

State 4 [t3-t4]: This state is the stage of energy redistribution of the capacitor network in the
voltage-doubling unit. The equivalent power conversion circuit is shown in Figure 3(d). The main
switch Q continues to be off. Diode D cuts off, D, and D3 conduct. The energy of the system is
redistributed through magnetic coupling with the capacitor network. C3 and C4 discharge to Cp
through the rear inductor. The input inductor charges C;. At this point, the input inductor current can
be expressed as:

i, (6) = it (13) + 7 /t —oc, ())dt (11)

The voltage of the input inductor is the following;:
Vi, = Vin — 06, (1) (12)

The voltage expression for the rear inductor is the same as for state 3. The current grows linearly
in the reverse direction, and its rate of change is with leakage inductance neglected:

i) = ule2) + (Vi = v, () = e, () 13)

State 5 [#4-t5]: This state is the reset phase of the cycle and the balance of energy. The equivalent
power conversion circuit is shown in Figure 3(e). The main switch Q is continuously turned off and all
diodes are cut off due to reverse bias. The input inductor current expression is:

1 b
i, (1) = it (k) + T [ (Vi —oco(t))dt (14)

The voltage of the input inductor is as follows:

VLin = Vin — UCQ(t) (15)

The final transfer of energy from the converter in this state is accomplished through the load. The
inductor current and voltage expressions of the voltage doubling unit are:

i () = ip (t5) — % Vet (16)

ts
V=V, — Ve, + VCQ (17)

At the completion of this state, a cycle has been completed without considering the ZVS of the
main switch in the next cycle.

State 6 [t5-f¢]: This state prepares for the ZVS of the main switch in the next cycle. The equivalent
power conversion circuit is shown in Figure 3(f). The main switch Q remains off and all diodes are cut
off in reverse. The resonant capacitor Cg energy is fully discharged in state 5. The drain source voltage
of switch Q is reduced to near zero due to resonance. The current in the rear inductor decays to the
soft-switching boundary condition.

The operating cycle of this converter is characterized by a multistage energy cycle. The base gain
boost is realized by coupled inductor and capacitor storage. Then the voltage-doubling unit is utilized

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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for energy redistribution and soft switching transition. Finally, the ZVS preparation is realized by
resonance and diode renewal.

3. System Performance Analysis

The winding turn ratio is specified as n=Ns/N), (where in this proposal n=1), and the influence
of leakage induction on the circuit is ignored. The coupling inductance voltage has the following
relationship:

VNp _ VNS
N, N (18)
N, + VN, = Ve,

3.1. Output Voltage Gain of the System

The voltage gain characteristic of this DC-DC converter exhibits a two-mode segmentation
characteristic with the level of duty cycle D. In the low duty cycle mode, the voltage doubling unit
inductor enters a quasi-steady state at the end of state 5. Neglecting the transient process of state 6, its
stored energy is temporarily stored until the next cycle. At this time, the inductor current will remain
unchanged and the voltage across the input inductor L;,, is zero. The volt-second balance equation for
L;, in this mode can thus be listed as follows:

VinDTs + (Vzn - Vo)(tS + t4) =0 (19)

3n+1

The voltage gain expression of this mode can be solved as:

DT TsD?V;,R
G=1+——"—" =14+ 20
g7 (B3 +ta) 27V, (20)

The expression for voltage gain in this mode is obtained by simplifying formula (20):

1+4/1+42D2L
_ff 1)

1000

40
Q@(o/y 20

Figure 4. Variation of voltage gain, duty cycle and time constant.

7 in the above equation is the time constant. The relationship between the gain of voltage and
duty cycle and time constant is shown in Figure 4. It can be seen that the voltage gain is a combination
of duty cycle and time constant. The time constant T depends on Le; and C,y, which are the equivalent
inductance and capacitance of the resonant network. The equivalent inductance can be changed by
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changing the coupled inductor turn ratio 7 or the core air gap J to change the time constant to select
the optimum time constant to improve the gain of the converter:

N;%,”OAe

Leg= ——F—
4 I+ 6(1+n2)

(22)
where pg represents the vacuum conductivity, A, is the cross-sectional area of the core, and [, is the
magnetic circuit length.

The transient process of the state and the energy feedback effect are further considered in the
low-duty cycle mode. The volt-second balance equations are again written for both ends of the input
inductor L;,,:

T n
| Vit = VDT 4 - (Vi = Vo) (t3 + 1) -

ts n

W(Vin —V,)coswtdt =0
0

In the high duty cycle mode, when the switch-off time in one cycle is less than the time duration
of states 3 and 4. The capacitive network energy redistribution process continues to affect the inductor
current. Time-varying energy exchange must be considered when calculating the gain. The volt-second
balance equation is written for the input inductor L;, to obtain the following:

VinDTs + (Vin_V0>(1_DTs) =0 (24)

_n
3n+1
The gain expression in high duty cycle mode can be solved from equation (24):

1 D
G—1+(n+3>1D (25)

The converter proposed in this paper realizes a non-linear jump in gain characteristics by magnetic
coupling and a series voltage doubling unit. The voltage gain is switched from the quasi-linear region
to the exponential growth mode when the duty cycle D > 0.4. The disadvantage of low gain at low
duty cycle of the conventional high-gain converter is compensated.

3.2. Analysis of Voltage Stress on Capacitors and Inductors

Voltage stress is a key indicator for assessing the reliability and system economy of power
electronic devices. Accurate analysis and optimal design of voltage stress are significant for single-
switch high-gain DC-DC converters. In this paper, the voltage stress of the main devices is limited by
the leakage inductance energy circulation of the coupled inductor and the voltage clamping effect of
the capacitor network. This makes the proposed converter have less voltage stress when realizing a
higher voltage gain.

According to the principle of volt-second equilibrium of the input inductor L;,, it can be seen that
the average value of the inductor voltage is zero during the entire switching cycle. The relationship
between the input inductor voltage and the capacitor voltage contained in the energy transfer network
can be obtained:

Vin ==V, + Vg,
Vin = =V, + Vg

(26)

When analyzing the voltage stress, it is assumed that the circuit is in steady state and the capacitor
voltage remains constant. The expression for the capacitive voltage stress in the converter can be
solved by combining Eq. (6), Eq. (10), and Eq. (17):

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1335.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2025 d0i:10.20944/preprints202507.1335.v1

90f19
_ (n+1)Vo+2nV;,
Ve, = 3n+1
_ @n+1)Vo+nVyy,
VCZ - 3n+1 (27)
VC3 = SnnJ-ri-ll (VU - Vzn)
Ve, = 555 (Vo — Vi)
Table 1. Performance Parameters Of Different Converters.
Converter I\Isl‘l'th]z Ere;)f Nlélil:)];irs()f Switching voltage stress  Voltage gain
V,(14D) D(3+D)
Ref. [16] 1 4 D(3+D) 1-D
n+1)Vi, +V, 1+(n+1)D
Ref. [18] 2 8 % g,i;
Ref. [20] 2 4 1‘_;73 f{g
0 n
Ref. [21] 1 3 it 1-D
. 1+4/1+42D2L
Proposed converter 1 3 W — =

The voltage stress on capacitors C3 and Cy of the capacitor network in the voltage-doubling unit
is only half of the input/output voltage difference. The symmetrical structure of the voltage doubling
unit significantly reduces the voltage stress of the capacitors. Through the capacitor network and
magnetic coupling, the capacitor voltage is effectively controlled. The problem of linear growth of the
capacitor voltage with gain is avoided in the single-switch boost topology.

3.3. Analysis of Voltage Stress on Power Switches

When the circuit is in steady state, the voltage stress of the switch is the same in each cycle. For
state 3, diode Dj3 is switched on, the expression of the power switch voltage can be obtained from the
Kirchoff voltage law as follows:

2n+1)Vy, +nV,

Vo= Vet Vo =5 77 @)
The diode voltage stress can be expressed as:
VDl = VN],’) + VC]
Vp, = Ve, — Ve, (29)

VD3 = VO - VC4

The voltage stress of the switch Q is not linearly related to the gain G and the duty cycle D.
However, voltage stress can be significantly reduced by optimizing the turn ratio # of the coupled
inductor. Meanwhile, the capacitor C absorbs the leakage inductance energy under soft-switching
conditions, which can further suppress the voltage spike to suppress the switching voltage stress.

3.4. Performance Comparison of Different Converters

Table 1 shows the comparison of various parameters of different converters. By comparing the
performance of different converters, the following table can be obtained. n represents the number of
expansion modules from Ref. [18] and the rest is the turn ratio of the coupled inductors.

Figure 5 shows the comparison curves of voltage gains of different converters. The voltage gain
is obtained for turns ratio n=2 and coupling factor k=1. Although the gain of Ref. [20] and Ref. [21]
is higher than the proposed converter in the higher and lower duty cycles. However, in practical
applications, the lower duty cycle cannot meet the need for a high gain. And a higher duty cycle often
means an increase in losses and a decrease in efficiency. The proposed converter has a higher gain in
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the duty cycle range of 30% to 72% compared to other converters. It realizes the ZVS conduction of the
switch, which reduces the losses.

12
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Figure 5. Comparison of voltage gains among different converters.

3.5. Soft Switching Condition

In order to facilitate analysis, the rear inductance L, input inductance L;, and the secondary side
winding Ly are equivalent to an inductance Leg, the capacitors C; and C; can be treated as voltage
sources.

When the capacitor Cg starts to discharge, the equivalent inductance L., resonates with Cg.
Taking t4 as the time origin analysis, the expression of Cg voltage between t4 and t5 can be obtained as

(Vo = Vin)n

VCQ = W cos wt + ‘/;‘n (30)

In formula (30), w is the resonant angular frequency. From the above formula, the expression of

follows:

angular frequency and resonant period can be obtained as follows:

w = _ (31)

VLeaCo
T, = 271,/ LegCo (32)

The resonance ends when the capacitor Cy voltage drops to zero, from which the resonance

duration can be calculated as:
n+1 }

(1-G)n (33)

1
t,n5 = — arccos
w

In formula (33), G is the voltage gain. During state 6, the switch body diode conducts a continuous
current and the current decreases linearly. When reduced to zero, the resonance will occur again and
the maximum diode conduction time can be obtained, that is, 6.

1 (G—1)n]?
e = w\/ [3+1] -1 (34)

The durations of state 3 and state 4 can be expressed as follows:

2LegVo(3n + 1)

VinDRn (35

b3 + bpa =

From the definition of soft switch, it can be seen that the drain source voltage of the switch Vpg
must be zero when the circuit conduction signal comes, and the Vpg will rise again after the switch
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diode current drops to zero. Figure 6 shows the waveforms at both ends of the switch when resonance

o meecccas

occurs.
VDS
;

Iy .
lpo ¢
\ 4 .
- N >

* twe *

tms

X
tnsttnd
Figure 6. Switching waveform during resonance.

In Figure 6, ty is the time period from the beginning of resonance to the time when the circuit
conduction signal arrives, and ipg is the current of the switch diode. As can be seen in the figure
(36)

above, to achieve zero-voltage switching, t, must meet the following relations:
tms < tx < tws + tme

By solving formula (36), it can be concluded that the conditions for the switch to achieve ZVS are

<D<1- w (37)

~ bma g+ bus + s
T

as follows:
1
Figure 7 shows the simulation waveform of the drive signal and switching voltage. When the
duty cycle changes, the soft switching of the switch can be realized by properly adjusting the resonant

capacitance, which greatly reduces the switching loss.
Vps ,_

14 ,( 7S

Figure 7. ZVS simulation curve.

4. Control System Design
Output voltage control aims to regulate the magnitude of the converter’s output voltage and
enhance the converter’s dynamic response characteristics. Its control block diagram is shown in
Figure 8. Where V,,,. ¢ represents the reference value of the output voltage. Gi(s) is the transfer function
of the main switch control signal duty cycle d to the average value of the output voltage, T;(s) is the
transfer function of the voltage sensor and H;(s) is the transfer function of the feedback loop.

|| Hi(s) l|~ ,
Ci(s) |L| G H v H—

Vore .
<+
Figure 8. Control block diagram for average output voltage.

In Figure 8, V;, is the actual value of the output voltage and C;(s) is the transfer function of the PI
controller. The transfer function of the average output voltage with respect to the duty cycle of the
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main switch control signal is derived using the small signal modeling method, as shown in Equation

(39).
% GtV . (1 4 SARCy)
Guals) = 2 = (-0 (39)

d(s) (1 + ﬁ) (1+ SRCy)

By incorporating the converter parameters, the Bode plot of the system’s open-loop transfer
function before PI controller compensation can be plotted in MATLAB, as shown in Figure 9.

Gm=Inf, Pm=-90.0° (215.85 kHz)
T T

Magnitude (dB)

Phase (°)

88 f f
10° 102 107 10° 10 10?
Frequency (kHz)

Figure 9. Bode plot of open-loop transfer function before system compensation.

As can be seen in Figure 9, the open-loop system exhibits a small slope in the characteristic
amplitude-frequency curve in the low-frequency band, resulting in a slow dynamic response. The
crossover frequency of the system is 215.85 kHz, and the phase margin is -90°, so the system is unstable.
Compensation design of control parameters for the PI controller to stabilize the system and improve
its dynamic performance. The Bode plot of the compensated system transfer function is shown in

Figure 10.

Gm=Inf, Pm=55.0° (40.28 kHz)
T T

o
o
T

Magnitude (dB)
o
2
T

50

Phase (°)

f f f
03 102 10" 10° 10 10?
Frequency (kHz)

Figure 10. Bode plot of open-loop transfer function after system compensation.

The compensated system has an infinite gain margin and a phase margin of 55°, satisfying the
stability criteria of the control system and validating the correctness of the controller designed in this

paper.

5. Analysis of Simulation Results

The PSIM simulation software is simulated according to the parameters in Table 2. Because the
duty cycle range of the soft switch realized by resonance is not large, the scheme of non-parallel
resonant capacitor is used to collect the voltage gain under each duty cycle when verifying the
correctness of the voltage gain. The coupling inductance turn ratio n is 1, and the circuit parameters
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are not changed during the simulation. That is, when the time constant is fixed, only the variation of
the voltage gain with duty cycle is considered.

Table 2. Main Circuit Parameters of Experimental Prototype.

Mods Model number
V; 12V
fs 100 kHz
D1,D;, D3 DPF30I300PA

C1, G 2uF/630V %5, 2uF /630V * 5
C3,Cy 2uF/630V % 5,2uF /630V %5

Co 820uF /400V x4
Li,, L 1mH, 6.5uF
n Ns/Np=1:1
Load R 500)

5.1. Open-Loop Scanning

From the theoretical analysis, it can be seen that when the input voltage of the converter is
constant, the output voltage is positively correlated with the duty cycle of the main switching control
signal. Under the condition of 12V input voltage and 5002 load, open-loop scanning of the output
voltage and voltage gain is carried out under different duty cycles.

The output voltage and voltage gain curves obtained from the open-loop scan are shown in
Figure 11. The correctness of the theoretical analysis is verified.

160 T T T T T T T T T 20
—— Output voltage of the simulation
—/—Voltage gain of the simulation

140

120 4

100

80

60

Output Voltage(V)
1)
Voltage Gain

40 4

20

Duty(%)

Figure 11. Open-loop sweep curves of output voltage and voltage gain.

5.2. Closed-Loop Simulation

Closed-loop control is incorporated in the simulation. The validation of the effectiveness of the
closed-loop controller is carried out under the condition of sudden change in voltage at the energy
input port and sudden change in load. The input voltage at the energy input port is varied from 12V
to 18V and the load is 50Q). The output voltage is set to 80V and the closed-loop simulation results are
shown in Figure 12.

The input voltage is constant at 12V and the load is changed from 500} to 25Q). The output voltage
is set to 90V. The closed-loop simulation results are shown in Figure 13.

From Figures 12 and 13, it can be seen that the controller achieves the preset values under the
conditions of dynamic changes in input voltage and sudden changes in load.
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Vout Vin

Output Voltage

100 IL\/

80
60 : | x x |
Time’ 3.68823e-01 4.51482e-01

Vout| 7.99895e+01] 7.99860e+01

40 Intput Voltage Vin| 1.80000e+01] 1.80000e+on
20 Va p r
0
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Time (s) i .

Figure 12. Waveform of the input voltage with dynamic variations.

Vout Vstep Output Voltage
ya
80
60 : | X1 \ X2
Time 3.20305e-01 4.10391e-01
40 Vout| 7.99896e+01 8.00465e+01
Step signals for Vstep| 1.50000e+01  1.50000e+01
20 {sudden load changes
0
0 0.1 0.2 0.3 04 0.5

Time (s)

Figure 13. Closed-loop simulation waveforms for sudden load changes.

6. Analysis of Experimental Results

In order to verify the feasibility of the proposed coupled inductor high-gain converter, an exper-
imental prototype is fabricated based on the parameters of Table 2 under the existing conditions in
the laboratory, as shown in Figure 14. The system uses the DSPIC33F development board as the main
control unit. A half-bridge driver circuit is used to drive the MOSFET to generate the control signal.
The RXLG resistor is used as the load unit. The voltage output port is fed back to the ADC interface of
the DSP through a parallel voltage acquisition board to form a closed loop.

Oscillograph
| \ Coupled Inductor
k‘ Booster Unit

Control ltage
Circuit , Doubling Unit | Capacitor Board

Figure 14. Experimental platform.

6.1. Open-Loop Scanning

Experimental verification is carried out to verify the reasonableness of the theoretical analysis and
simulation results. The fixed load resistance is 50 ohms, and the energy input port voltage is set to 12V.
The duty cycle of the control switch is varied in the interval [0.1,0.85] in steps of 0.05. The open-loop
scanning results of the actual gain of the converter and the output voltage with the variation of the
switching duty cycle are obtained as shown in Figure 15.
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Figure 15. Actual output voltage and gain open loop scan curve.

When the duty cycle of the control signal is in the interval [0.1,0.85], the load power is provided
by the output port. Energy flows from the input port to the output port. When the duty cycle of the
control signal reaches 0.8, the open-loop gain reaches 11.7 times. The open-loop scan curve of the
converter efficiency is shown in Figure 16. The efficiency of the converter is at a high level throughout
the operating range. It reaches a maximum of 93% at a switching duty cycle of 0.65.

110 T T T T T T T T T

100 —A— Efficiency of the converter

%7 M*m 1
80 -
70 4 —

60 4

Efficiency (%)

50 -

40 4 4

30 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Duty (%)

Figure 16. Open-loop scan curve of converter efficiency.

The comparison of simulation and experimental open-loop scanning is shown in Figure 17. The
output voltage and gain in the finite duty cycle range are basically consistent with the simulation
results. The correctness of the converter theory is verified.

160 T T T T T T T T T 20
~+= Output voltage of the experiment
—— Output voltage of the simulation

Voltage gain of the experiment 116
—/— Voltage gain of the simulation

140 4

120 4

100

80

1)
Voltage Gain

60

Output Voltage(V)

40 -

20

Duty(%)

Figure 17. Open-loop scanning of simulation and experimentation.
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6.2. Closed-Loop Scanning of the Converter

Based on the previous section, the feasibility of the closed-loop system is next verified. The
reference values for the output voltage are set to 70V, 80V, and 100V, respectively. The waveforms of
the trigger and steady state and the duty cycle in steady state are measured. The results are shown in
Figure 18.

200ms/div !

e

Input inductor current(5SA/div)

Output voltage(25V/div)

Drain-source voltage(10V/div)
“ Susidiv !

Vout 70. 0V
iLin 10. 8A
B
B
" ’,/’,\\ :’r_\\ ’/’—ﬂ\ ‘,'r—\\ /’—\\ ’/"—\
) =~ = " ‘Duty 50%
[+Duty=50.91 % [avg=68.8V T ] I 4
(a
500ms/div ¥
| /Output voltage(25V/div)
{ l/l nput inductor current(10A/div)
“ Sus/div
jl)ruin-source voltage Vout 80. 0V

: (50V/div) iLin 8. 99A

Control signal(SV/div):

Duty 65%
» o

*Duty=rerae lvg=775V

(b)

“500ms/div I/omput voltage(25V/div)
[ . " m

Input inductor currcnt(]l)‘r\/(li\')

=4 Drain-source \'oltugc“ 10us/diy _ Vout_100. 0V
50V/div) . iLin 18.8A |
“ Control signal
S5V/div e ) '
Duty 80%
“ TNV VTV VS
*Duty=reees Javg=97.0 V. b

(0)

Figure 18. This is the graph to verify the feasibility of the closed-loop system. The reference values of the output
voltages are set to 70 V, 80 V and 100 V. The trigger waveform, steady state waveform and steady state duty cycle
are measured. (a) U,=70V, D=0.50. (b) U,=80V, D=0.65. (c) U,=100V, D=0.80.

The output voltage is fed back to the DSP through the distributor for PID closed-loop control.
Reasonable adjustment parameters can basically achieve rapid voltage response. It can be seen that
the output voltage is basically the same as the given voltage in steady state.

From the theoretical analysis, it can be seen that the output voltage is mainly dependent on the
duty cycle of the main switch control signal. The fixed duty cycle is 0.5 and the input voltage is 12
V. The power and efficiency of the system with different load resistances are scanned as shown in
Figure 19. The maximum efficiency of the system reaches 94% at a load of 110€).
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Figure 19. Converter efficiency curve.

7. Conclusion

In this paper, a high-gain DC-DC converter based on coupled inductance with soft-switching
characteristics is proposed. The feasibility is verified by a 300W prototype built by experiments. The
switch can work in ZVS using a parallel resonant capacitor, and the switching voltage stress is reduced.
All diodes can be ZCS turned off, so the converter has low losses. At the same time, the voltage gain
of the converter is greatly improved in the duty cycle range. The tight wounds of the primary and
secondary winding of the coupling inductor make the coupling coefficient of the converter very high,
which is conducive to reducing leakage induction and improving overall efficiency. The common
ground of input and output can reduce the ground impedance and improve the anti-interference
ability of the converter.
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