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ABSTRACT

The proposed project deals with a single input multiple output step down converter with coupled inductor. The use of coupled inductor substantially
increases the voltage ratio and the auxiliary inductor is designed such that it provides charge power to the auxiliary battery module. ZVS operation is
employed to achieve high efficiency conversion technique and also reduces the switching losses. A middle voltage capacitor is used to ensure the
property of voltage clamping which recycles the stray energy. The soft switching along with voltage clamping results in the recycling of leakage
inductor energy of coupled inductor which alleviates the voltage spikes on power switches. The proposed converter has the tendency to step down the
high voltage dc bus generated by the rectifier of an ac utility power to a controllable low voltage output terminals. Thus the objectives of high
efficiency power conversion, high step down ratio, and different output voltages with various levels can be obtained. The output for the proposed

converter is obtained by MATLAB Simulink and hardware implementation.
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1. INTRODUCTION

In recent studies of wind energy generations the output
depends on the environmental factors and intensity of wind
which requires a battery module as an auxiliary backup power
for active standby. But on the other hand the uninterrupted
power supplies are also provide with battery module from
auxiliary backup module .The power conversion seems to be
reduced and the output voltage is not controllable when a
combination of transformer and rectifier is employed for step
down conversion process .The switching losses and the
current stress are the major issues which has to be noticed.
The combination of buck converter along with rectifiers has
gained attention nowadays.

The transformer based structures had the disadvantage of
conduction losses which requires three power switches for
step down conversion .Recent trends focused on switching
capacitor regulators which required only two power switches
but requires strict design of inductor and capacitor with soft
switching and is applicable only foe one output terminal. A
Synchronous buck converter was developed with coupled
inductor which had good matching characteristics to achieve
soft switching and low voltage ratio.

Though soft switching technigue is implemented the number
of power switches and switching losses increases the
manufacturing cost. Later, ultrahigh step down converter was
developed which had a coupled inductor and one energy
transferring capacitor but required three power switches for
one output terminal without implementing voltage
clamping.an interleaved buck converter was proposed which
had less switching losses and increased step down ratio.
Before ON and OFF of switches though voltage stresses are
half of input voltage, due to hard switching the voltage stress
is increased and control became complicated. A novel
transformerless dc-dc converter had two input capacitors as
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voltage divider circuit to improve ratio of step down
conversion and reduced voltage stresses of power switches.
This converter used four power switches and two diodes
which increased manufacturing cost. For multioutput
application a single inductor dual output buck converter was
developed but due to hard switching the efficiency was low
and the conversion ratio was low.

The proposed converter has two power switches with coupled
inductor. Soft switching is applied to the switches to reduce
switching losses. The leakage inductance energy and reverse
recovery currents in the diodes of buck converter is reused. A
high efficiency bidirectional single input multiple output
converter was proposed. The difference between the proposed
converter and the BSIMO converter is that it had three power
switches, three inductors, five capacitors and four diodes were
required. The proposed converter utilizes two power
switches, two inductors, four capacitors and two diodes. Thus
the circuit becomes simpler and reduces manufacturing cost.

The input dc is given to a high voltage circuit. The proposed
converter can step down the voltage of a high-voltage dc bus
generated by the rectifier of an ac utility power to a
controllable low-voltage output terminal and middle-voltage
output terminals .This SIMO step-down converter contains
three parts including a high voltage-side circuit (HVSC), an
auxiliary circuit, and a low voltage-side circuit (LVSC). In
this study, the feedback control is used to solve the problem of
the output voltage varied with load variations. In this study,
the output voltage of the LVSC is controllable via a
conventional PI control framework, and the voltage level of
the output voltage in the auxiliary circuit is regulated by the
design of the auxiliary inductor. The auxiliary battery module
used in this study also can be extended easily to other dc
loads, even for different voltage demands, via the
manipulation of circuit components design.
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Figl. System configuration of simo step down converter

This converter has three parts namely High Voltage Side
Circuit (HVSC), an auxiliary circuit, and a Low Voltage Side
Circuit (LVSC). Vpys represents the voltage of input power
source at HVSC and Vorepresents the output terminal at
LVSC.Vozand igzrepresents the output voltage and current at
auxiliary circuit. Cpus ,Co1,Cozare the filter capacitors .Roand
Rocare equivalent load in LVSC and auxiliary circuit
respectively.Cpus,Cosand Cooare the filter capacitors at the
HVSC ,the LVSC, and the auxiliary circuit respectively.Cy is
the middle voltage capacitor in the HVSC. L, and Ls represent
individual inductors in primary and secondary sides of
coupled inductor respectively. The primary side passes
though the power switch Sland the middle voltage capacitor
C1 is connected to input power source. Lay is the auxiliary
inductor in the auxiliary circuit. Sland S2 are the high voltage
switch and middle voltage switch respectively.

The equivalent circuit of the proposed SIMO converter is
shown as follows:
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Fig.2. Equivalent circuit of simo step down converter

The coupled inductor can be modeled as an ideal transformer
including the magnetizing inductor (Lmp) and the leakage
inductor (Lp) .the turns ratio (N) and coupling coefficient (Kp)
of this ideal transformer can be defined by:

N=N1/N2 Q)
Kp=Lmp/(Lmp +Lp) 2

Where Niand N, are the winding turns in the primary and
secondary sides of the coupled inductor (T;). Because the

© 2017 AJAST Al rights reserved.

Page | 205

voltage is less sensitive to coupling coefficient.to obtain
Lmp=L,, the coupling coefficient is set simply as one by proper
selection of the middle voltage capacitor. The characteristics
waveform are given as follows.
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Fig.3. Characteristic waveforms of simo step-down converter

2. MODES OF OPERATION

A. MODE 1(to — t1)

In this mode of operation, the high voltage switch (Si) is
turned ON, and the middle voltage switch (Sy is turned OFF
for a span .the current (is1) from the HVSC passes through the
middle —voltage capacitor (C1),the primary winding (L), and
the secondary windings(Ls). At the same time, the partial
energy of the primary winding (Lp).

Fig.4(A) MODE 1(to-ty)

According to Kirchoffs‘s voltage law, the voltage Vbus can be
given by,

Vbus=VC1+VLip+Vip+VLs+Vor ..(3)
Because VLip = VLp(1—kp)/kp and vLs = vLy/N, (3) can be
rearranged as
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Vbus= VCI+ vLp(1—kp)lkp VL, + vLs + VO1
=VC+vLy/ky+VvLy/N+VOL1. (@

From (4), one can obtain

VLp= koN(Vous =VC1 —Vor)l (N + kp) ...(5)

B.MODE 2(t1 —t2)

Attime t = t1, the high-voltage switch (S:) is turned OFF. The
parasitic capacitor (cs2) of the middle-voltage switch (Sz)
starts to charge the middle-voltage capacitor (C1) until the
parasitic capacitor (cs) releases its stored energy completely.
Then, the voltage across the middle-voltage switch (vS2)
resonates toward zero, and this mode ends.

lw D

_fWY\_ﬂ_

N o s

Syl D—"-[;:._
'| Ja |
T‘ “Af
np

€y

;o= 7 el /
s — Fol - V(]
I

n DR

Fig.4(B) MODE 2(t;-t,)

C.MODE 3(t2-t3)

At time t = t2, the body diode of the middle-voltage switch
(S2) conducts to carry the current (iLwy) because the leakage
inductor (Liy) has to release its stored energy persistently.
Moreover, the diode (Di1) conducts to carry the secondary
current (iLs) because the primary winding of the coupled
inductor (T\) has to release its stored energy persistently. At
the same time, the auxiliary inductor (Lax) continuously
releases its stored energy for the output terminal (Vo) in the
auxiliary circuit through the diode (D).
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Fig.4(C) MODE 3(t-ts)

D.MODE 4(t3- ts)

This mode begins when the middle-voltage switch (S.) is
triggered. Because the body diode of the middle-voltage
switch (S2) has conducted in mode3 (i.e., the voltage across
the middle voltage switch (Sz) is zero), the middle-voltage
switch (Sy) is turned ON under the condition of ZVS, which is
useful to reduce the switching loss in  the HVSC. In this
mode, the current (iLwy) continues to charge the
middle-voltage capacitor (Ci), and the secondary winding
(Ls) still provides the energy for the output terminal (Vo1) in
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the LVSC. Moreover, the auxiliary inductor (Laux) still release
its stored energy for the output terminal (Voy).
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Fig.4(D) MODE 4(t3-t4)

E.MODE 5(ts-ts)

At time t = t4, the auxiliary inductor (Layu) releases its stored
energy completely, and the diode (D) turns OFF. At the same
time, the current (iLkp) continues to charge the middle voltage
capacitor (C1), and the secondary winding (Ls) still provides
the energy for the output terminal (Vo) in the LVSC. During
the middle stage of this mode, the primary winding (Lp)
releases its stored energy completely, and the primary current
(iLwp) drops to zero. After that, the middle-voltage capacitor
(Cy) starts to release its stored energy for the LVSC via the
magnetic coupling way, and the primary magnetizing current
(iLmp) Vvia (iLky) magnetically to charge the middle-voltage
capacitor (Cy).

According to Kirchhoff’s voltage law, the voltage (vLp) can
be given by

Moreover, the voltage (vLs) can be expressed as

According to (1) and (7), (6) can be rearranged as
vLp= NvLs =—NVo1.
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Fig.4(E) MODE 5(t4-t5)

F.MODE 6(ts- te)

At time t = t5, the middle-voltage switch (Sy) is turned OFF.
The leakage inductor (L) releases its stored energy into the
middle-voltage capacitor (C1), and the parasitic capacitor
(cs1) of the high-voltage switch (S1) starts to release its stored
energy for the input terminal (Vus) of the HVSC.
Consequently, the polarities across the primary and secondary
windings of the coupled inductor are reversed instantaneously
because of Vuis>Vo1.Becausethesecondarywinding(Ls)still
needs to release its energy for the output terminal (Vo1) in the
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LVSC, the diode (D1) continuously conducts to sustain the
sum of the currents (iL, and iLs).
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Fig.4(F) MODE 6(t5-t=6)

G.MODE 7(te-t7)

At time t = tg, the parasitic capacitor (cs1) of the high-voltage
switch (Sy) releases its stored energy completely. Because the
leakage inductor (Lkp) still release its stored energy
persistently, the body diode of the high-voltage switch (S1)
conducts to carry the current (iLyp).
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Fig.4(G) MODE 7(t6-t7)

H.MODE 8(tr-ts)

At time t = t7, the high-voltage switch (S,) is turned ON under
the condition of ZVS because the body diode of the
high-voltage switch (S1) has conducted in mode 7. It provides
a magnetizing path for the coupled inductor (T;) so that the
magnetizing inductor Lmp magnetizes again and the
secondary current (iLs) gradually decreases. According to the
magnetizing effect of the primary winding, the non-dotted
point voltage of the secondary winding is negative. The diode
(Dy) will turn OFF at time t = t8 to complete one switching
period. After that, it begins the next switching cycle and
repeats the operation in mode 1. The mode operation
conditions are summarized as follows. In model, the
high-voltage switch (S;) was turned ON, and the
middle-voltage switch (S,) was turned OFF for a span. When
the high-voltage switch (S:) is turned OFF, the operation
enters mode 2. Moreover, the operation enters mode 3 when
the body diode of the middle-voltage switch (Sz) conducts to
carry the current (iLk). Mode 4 begins when the
middle-voltage switch (Sy) is triggered. When the auxiliary
inductor (Laux) releases its stored energy completely, and the
diode (D) turns OFF, the operation enters mode5. Mode6
starts when the middle-voltage switch (Sz). In addition, the
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operation enters mode 7when the body diode of the
high-voltage switch (S1) conducts to carry the current (iLp).
When the high-voltage switch (Sz) is turned ON under the
condition of ZVS, the operation enters the mode 8. After the
diode (D1) turns OFF, it begins the next switching cycle and
repeats the operation in mode 1. The derivations of the
voltage gain at the SIMO step-down converter are introduced
as follows. For easy to analyze, the duty cycles for the
high-voltage switches (S1) and the middle Voltage switch S;
voltage switch (S) are defined as di, and d», respectively. At
the SIMO step-down converter, d; is approximately equal to
1—ds by neglecting the dead time. Because the middle-voltage
capacitor (C1) can be appropriately selected to absorb the
leakage inductor energy, the coupling coefficient (kp) could
be simply set at one. By using the voltage-second balance of
the magnetizing inductor (Lmp), One can obtain

N (Vbus*VC17V01)/(N+l)d1Ts+(*VC1)( 1 *dl)TsZO . (10)

According to (10), the voltage gain (GV 1) of the proposed
SIMO step-down converter from the HVSC to the LVSC can
be represented as
GV1=Vo1/Vpus=di/(N+1) . (11)

For calculating the discharge time of the auxiliary inductor at

modes3 and4, the corresponding time interval can be denoted
as

dxTs =(ts — ).

At the model,the auxiliary inductor voltage( vLaux) can be
expressed as

VLaUX:Vbus*VC1*VLp*Voz. (12)

According to (1), (9), and the relation of

VLs+Vo1=VLlax + Voo, (12) can be rearranged as
VLaux=Vbus—(N+1)Vo/(N+1) . ... (13)

By using the voltage-second balance of the auxiliary
inductor voltage (VLaux), One can obtain

Vius—(N+1)Voo/ (N+1)d1Ts +(—Vo2)dxTs =0 ...(14)
From(14),the voltage gain(GV.)of the proposed SIMO step
down converter from the HVSC to the output terminal (Vo)
in the auxiliary circuit can be rearranged as

GV2=Voo/ Vpus=d1/(N+1)(dx+d1). ...(15)

As can be seen from Fig. 3, the average value of the diode
current (iD2) can be calculated as
iD2(avg)=1/Ts[1/2iLau(mad1TS+12iL aumax)dXTs/ ...(16)
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where iLaxmax IS the maximum current of the auxiliary
inductor and can be expressed as

iLauxma)=(VO2/Lau)dXTs. .. (17)

By substituting the a forementioned equation into (16), one
can obtain

iD2gavg)=Vool 2LawdXTs(dI +dx).  ...(18)

Because the average current of the diode (D) is equal to the
current (ioz), the current (iD2(vg) can be represented as
iDz(an):Voleoz. .. .(19)

d=—d1+V di*+[8Laux/(Ro2Ts)] 2 ... (20)

The minimum magnetizing inductor current (iLmp(min)) can be
represented as

iLmp(min)=iLmp(ave)—AiLmp/2 ...21D)

where iLmp@ve) and AiLmp are the dc and ac components of
iLmp. As can be seen from mode 4 or mode 5 in Figs. 3 and 4,
the values of iLmpaveyand AiLmp can be calculated via (9) as

Fig.7 Vds2 and PWM pulses T2

i|—mp('c1ve):V01/N Ro1 ...(22)
= NVos (1-ds) TS/ L . ... (23)

According to (22) and (23), (21) can be rearranged as
iLmpmin=Vo1/NRo1— NVo1(1-d1)TS /2Lmp

... (24)
By considering the boundary condition of continuous and
discontinuous magnetizing inductor current, the minimum
magnetizing inductor (Lmpminy) Under continuous conduction
mode (CCM) can be obtained as
Lmp(min) =N2Ro1(1-d1)TS/ 2 .. (25)
In this study, the value of the magnetizing inductor (Lmp)
should be selected over Lmpymimy for ensuring the property of
CCM according to (25).

Fig 8 ILaux ,IdZ and Vd2

3. SIMULATION CIRCUIT

| | | | I | |

Fig.9 Output Voltage 1

Fig 5 Simulation circuit

4. OUTPUT WAVEFORMS

L

Fig.6 Vds1 and PWM pulses T1 | | | |
Fig.10 Output current
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Fig.11 Current across d;

Fig.12 Voltage across d1

The voltage across dl is obtained from the voltage
measurement across di.

| L | | | L

Fig.13 Output voltage 2

| I I I | I |

Fig.14 Output current 2

Thus the proposed SIMO converter is studied using
MATLAB Simulink model and the results are obtained.
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5. DESIGN OF PARAMETERS
V=12V

V,=5.2V

L;=Lo,=1mH

L01=L02=22HH

C1=C2=1HF

Co=12000pF

D=17.9%

6. HARDWARE CIRCUIT

Fig.16 Hardware output

Thus the proposed SIMO converter produces step down
voltage with multiple output terminals. The conversion ratio
is improved and the output is observed in Multimeter. The
switching pulse was generated by using fast PWM technique,
because thus the switching frequency of the circuit is
50KHZ.Thus the hardware results are taken for the input
voltage of 12V.The voltage of middle voltage switch is
steadily clamped. The average efficiency of the proposed
converter is 94% and maximum efficiency is 95.9%.

7. CONCLUSION
The following are the conclusions made from the proposed
SIMO converter 1)this project adopts two power switches
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with the property of ZVS to achieve the objective of high
efficiency SIMO step down power conversion;2)the voltage
ratio can be increased by using a coupled inductor;3)the stray
energy can be recycled by the middle voltage capacitor to
ensure the property of voltage clamping;4)an auxiliary
inductor is designed for providing the charge power for
auxiliary module;5)the copper loss in the magnetic core can
be reduced by lower turns in copper film. The experimental
results gives an average efficiency of 95.9% and average
conversion efficiency as 90%.The auxiliary module
implemented in this project can also be extended to other dc
loads. It also provides an alternate solution to designers with
alternative choices of stepping down the voltages.
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