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Various voltage levels are required in the vehicle mounted power system. A conventional solution
is to utilize an independent multiple output DC-DC converter whose cost is high and control
scheme is complicated. In this paper, we design a novel SIMO DC-DC converter with sliding mode
controller. The proposed converter can boost the voltage of a low-voltage input power source to a
controllable high-voltage DC bus and middle-voltage output terminals, which endow the converter
with characteristics of simple structure, low cost, and convenient control. In addition, the sliding
mode control (SMC) technique applied in our converter can enhance the performances of a certain
SIMO DC-DC converter topology. The high-voltage DC bus can be regarded as the main power
source to the high-voltage facility of the vehicle mounted power system, and the middle-voltage
output terminals can supply power to the low-voltage equipment on an automobile. In the respect of
control algorithm, it is the first time to propose the SMC-PID (Proportion Integration Differentiation)
control algorithm, in which the SMC algorithm is utilized and the PID control is attended to the
conventional SMC algorithm. The PID control increases the dynamic ability of the SMC algorithm
by establishing the corresponding SMC surface and introducing the attached integral of voltage
error, which endow the sliding-control system with excellent dynamic performance. At last, we
established the MATLAB/SIMULINK simulation model, tested performance of the system, and
built the hardware prototype based on Digital Signal Processor (DSP). Results show that the sliding
mode control is able to track a required trajectory, which has robustness against the uncertainties and
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disturbances. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963694]

. INTRODUCTION

With the accelerated development of urbanization and
sustained growth of vehicle population, the research on the
vehicle mounted power system has been attracting more and
more attention.'~ The power source makes a big difference to
the performance of the whole vehicle, which becomes the most
significant component in an automobile. There are various
kinds of vehicle equipment, including automotive lighting,
scavenging pump, rain wipers, and air conditioning system.
Because a certain kind of equipment works on its rated power
different from others’, it may need a certain appropriate input
voltage, which results in diverse demands of voltage by all
kinds of equipment on a 14 V-output vehicle mounted power
system. Conventional solution is supplying power to different
equipment by utilizing multiple DC-DC converters with
various output voltages. But the cost of this solution is high, the
space these converters occupied is inessential actually, and the
interference between converters cannot be avoided completely
as well. It’s necessary for us to design a Single Input Multiple
Output (SIMO) converter of high integration.

In general, various SIMO DC-DC converters with
different voltage outputs are combined to meet the demand
of specific voltage levels. Obviously, the more the converter’s
system controller simplifies, the less its corresponding cost
is.*% A number of researches on SIMO switching converters
which can simultaneously generate buck and boost output
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voltage have been reported over the last decade.”~'” Ref. 7 uses
the peak current control method and state machine to regulate
output voltage. Ref. 8 proposes the charge control method and
divides one period to regulate the multiple output voltages.
Due to the high freewheeling current level, they perform the
low power conversion efficiency in light-load condition. The
works in Refs. 9-12 introduce time multiplexing techniques,
which we can use to regulate the multiple output voltages and
reduce cross-regulation. According to the opinion in Ref. 13,
freewheeling current can be monitored with the inductor
current control method for dual boost output voltages.

Patra et al.?' have designed a SIMO DC-DC converter
which can both boost voltage and generate buck, but for
each output it demands three switches. It cannot be applied
to the situation in need of the high output voltage, and its
hard switching operation results in its low efficiency in power
conversion. Chen et al.?* have realized zero-current switching
for the lagging leg with their multiple output DC-DC converter.
Compared with Patra’s converter, this converter solves the
problem of power losses, at the expense of more complexity
and higher cost. Nami ez al.?® have presented a multiple output
DC-DC converter, which can output a series of low and high
voltages. However, there are still over two switches used for
each output, which leads to the complexity of its control
scheme. Another disadvantage is that it cannot independently
provide power for a certain load. A series of SIMO converters
in Ref. 24 can output multiple voltages through multiple
secondary windings with high frequency AC, while regulating
each output is difficult because of the magnetic coupling. A
SIMO DC-DC converter with a less number of switches was

Published by AIP Publishing.
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proposed in Ref. 25, which simultaneously generates buck and
boost outputs. It utilizes a hysteresis mode to increase stability
when unbalanced output loads occur. There are a few particular
blocks required such as a power comparator and a delta-
voltage generator circuit while implementing the hysteresis
mode. Unfortunately, when the buck output is charged, the
current goes through the resistive freewheeling switch rather
than the inductor, which also reduces the power conversion
efficiency.

In our research, a SIMO-DC-DC converter with a coupled
inductor is designed and implemented. The proposed converter
achieves the characteristics of efficient power conversion,
electric isolation, high step-up/step-down ratios, and various
output voltages with different levels. In the proposed SIMO-
DCDC converter, the techniques of voltage clamping are
adopted to reduce the switching and conduction losses via the
utilization of low-voltage-rated power switches. Additionally,
it also solves the problems of the stray inductance energy
and reverse-recovery currents within diodes in the conven-
tional boost converters. Compared with these conventional
converters, there is a significant improvement by using
coupled inductor topology. Unfortunately, it is complicated
to design and control it to guarantee the dynamic robustness
for extended operating conditions. The work in Ref. 26
distributes the four output voltages into two parts: the first
three output voltages controlled by comparators, and the last
one controlled by an error amplifier. But this structure and
control method will restrict the flexibility of the buck and
boost output voltages. As an alternative, the sliding mode
control is a better choice because of its attractive performance
for controlling power exchanges by appropriate switching
devices.'*!3 Sliding mode control is a powerful and excellently
robust nonlinear control method. Sliding mode control is
a nonlinear control method with high robustness against
uncertain factors, load perturbation, and dynamic variations.?’
Sliding mode controller is suitable for our application because
it is much easier to implement compared with other nonlinear
controllers. In general, it is most appropriate to utilize sliding
mode control in our DC-DC controller as the most powerful
robust control strategies. In some papers, SMC has been
utilized to control the DC-DC converters and some researches
have indicated that SMC can ensure DC-DC converter to
maintain stability and splendid dynamic performance with
small range variable loads.'®!” SMC also has advantages such
as simplicity, easy implementation, and strong robustness by
operating at switching frequency. A sliding mode control of
hybrid DC power source applied to hybrid electric vehicles
was proposed in Ref. 18. In Ref. 19, Wang introduced a
TSM control method for output voltage tracking of a buck
converter by using fuzzy logic to guarantee its robustness.
Some researchers proposed an adaptive method to obtain the
input voltage and the load resistance,”® so as to calculate
the reference current. Nevertheless, it is complicated and
indirect to calculate it and unclear on how to obtain the
expected performance. Of course, it is not really a sliding
mode controller completely, and it is difficult to decide the
control parameters.

According to the analyses above, the single input multiple
output converter we design overcomes the disadvantages such

Rev. Sci. Instrum. 87, 104703 (2016)

as complicated structure, high scheme cost, low integration in
conventional multiple output DC-DC converters. In particular,
we utilize a coupled inductor in our SIMO converter coping
with the complex structure in conventional SIMO converters.
The proposed converter has characters of efficient power
conversion, excellent electric isolation, high step-up/step-
down ratios, and multiple outputs of various voltage levels.
We adopt the voltage clamping in the SIMO converter so as to
keep a high conversion efficiency in use of low-voltage-rated
power switches with small RDS(on). As a result, this scheme
also solves the problem of the stray inductance energy and
reverse-recovery currents in diodes, which reduces the power
conversion efficiency. Then the adjustment of middle-voltage
output terminals in our converter is controlled by the auxiliary
inductors in the scheme. In order to improve the performance
of the SIMO converter, the SMC-PID control algorithm is
presented, which is implemented by the SMC-PID controller.
The SMC-PID controller is a normal sliding-mode controller
with a PID control module, in which the integral of voltage
error is utilized to decline the control error of the sliding-mode
control system.

This paper is organized as follows. Section II describes
design and analyses of the converter. Section III explores
the modeling and analysis of sliding mode controller. In
Section IV, the experimental results show the performance
of the proposed sliding-mode control of the SIMO DC-DC
converter. Finally, the conclusion is made in Section VI.

Il. CONVERTER DESIGN AND ANALYSES

In order to generate multiple outputs, this paper uses
two different voltage levels from a single input source. The
configuration of the proposed high-efficiency SIMO converter
is represented in Fig. 1 which shows that the system circuit is
divided into four parts, including the input voltage circuit, low
voltage output circuit, high voltage output circuit, and clamp
circuit. The major symbol representations are summarized as
follows. Vj,,Lp,S; constitute the input voltage circuit. The
clamped circuit consists of Dy, Cy, S,. The high voltage output
circuit includes L, Cy, D3, Dy, Cy1, Ry1, while the low voltage
output circuit contains Lg,, Dz, Cp, D3, Rgz. Voi(lo) and
Voo(loz), respectively, denote the voltages (currents) of the
high voltage output circuit and low voltage output circuit;
Vi, and I;;, are the input voltage and current in the input voltage

D
3 C
ps 2 01
[l Ve, ROI
Vi L: Cvz 4ip,
- iy b 7 R )
1 lDZ
¥ 288! 282N
g [
B, i, | Lo |
1)1 NI/ LSZ D2 DZ
iSI 2
. AS‘] Y ( 02 R
e— C, 02

FIG. 1. System configuration of single-input multiple-output (SIMO)
configuration.
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FIG. 2. Equivalent circuit of the SIMO converter.

circuit. In addition, Ry, Ry are the equivalent loads in the high
voltage output circuit and low voltage output circuit. L, and
L, represent individual inductors in the primary and secondary
sides of the coupled inductor (7) respectively, where the
primary side is connected to the input voltage circuit; L,
is the auxiliary inductor in the low voltage output circuit.

In our research, the following assumptions are made to
simplify the converter analyses: (1) The switches including
their body diodes are assumed as ideal switching elements.
(2) The conduction voltage drops of the switches and diodes
are neglected. The corresponding equivalent circuit provided
in Fig. 2 defines the voltage polarities and current directions.
The coupled inductor in Fig. 1 can be modeled as an ideal
transformer including the magnetizing inductor L, and the
leakage inductor Ly, in Fig. 2. The turn ratio N and coupling
coefficient k of this ideal transformer are defined as

N = N»/Nj, (D
kp = Lup/ (L + Lip) = Lunp/ L, 2

where N; and N, are the winding turns in the primary and
secondary sides of the coupled inductor 7. Then there are
another two assumptions made to simplify the converter anal-
yses: (1) The main switch including its body diode is assumed
to be an ideal switching element and (2) the conduction voltage
drops of the switch and diodes are neglected. The characteristic
waveforms are depicted in Fig. 3, and the topological modes
in one switching cycle are illustrated in Fig. 4.

Mode 1 (¢¢-t;) [see Fig. 4(a)]: In this mode, the switch S is
turned ON, and the switch S, is turned OFF for a span. Because
the magnetizing inductor Ly, is charged by the input power
source V;,, the magnetizing current i;,,, increases gradually in
an approximately linear trajectory. The secondary voltage Vi ¢
charges the low voltage output circuit capacitor C, through
the low voltage output circuit diode D3. When the auxiliary
inductor L,,, releases its stored energy completely, the diode
D, turns OFF, which marks the end of this mode.

Mode 2 (t;-t) [see Fig. 4(b)]: In this mode, the switch S
is persistently turned ON, the switch S, is turned OFF. The
secondary voltage Vs charges the low voltage output circuit
capacitor C, through the low voltage output circuit diode Ds.
According to Kirchhoff’s voltage law, the input power source
Vi, can be represented as

Vin = Vip + Vi = VipVip (1 = kp) [kp = Viplkp.  (3)

Rev. Sci. Instrum. 87, 104703 (2016)
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FIG. 3. Characteristic waveforms of the SIMO converter.

From Egq. (3), the voltage V-2, which is equal to the voltage
Vis, can be computed as

Ve2=Vis= NVpip = kpNVi,. 4

Mode 3 (,-13) [see Fig. 4(c)]: Attime ¢ = t,, the switch S
and low voltage output circuit diode D3 are turned OFF. After
that, the diode of D3 conducts to carry the secondary current
irs, because the stored energy in the coupled inductor Tg
needs to release. The primary current iy, charges the parasitic
capacitor of the switch S|, and partial energy of the primary
winding L, is transmitted to the auxiliary inductor L.
When the secondary inductor Ly releases its stored energy
completely, and the secondary current i; s gradually decays to
zero, this mode ends.

Mode 4 (t3-t4) [see Fig. 4(d)]: Attimet = t3, the secondary
current izg is induced in reverse. In this mode, the secondary
winding L of the coupled inductor and the capacitor C,
connect in series to release the energy into the high voltage
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().

FIG. 4. Topological modes at step-up state: (a) mode 1 [#o-71]; (b) mode 2 [#1-12]; (c) mode 3 [£2-23]; (d) mode 4 [#3-4]; (e) mode 5 [4-5]; (f) mode 6 [#5-16];

(g) mode 7 [t6-t7]; (h) mode 8 [¢7-23].

output circuit through the diode D4. Meanwhile the clamped
diode D3 and the switch S, conduct to transmit the energy of the
primary-side leakage inductor Ly, into the clamped capacitor
C. According to Kirchhoft’s voltage law, the voltages V;,, and
L;g can be represented as:

VLp = kp (Vm - VCI) P )
Vis = NVpp. 6)

Mode 5 (¢4-t5) [see Fig. 4(e)]: At time t = 14, the clamped
switch S, and the diode D, are turned ON. The secondary
winding L,,, of the coupled inductor and the capacitor C,
connect in series to continuously release the energy from the

energy of the magnetizing inductor into the high voltage output
circuit through the diode Dj. Then, the clamped capacitor
current iy, drops to zero, and this mode ends.

Mode 6 (5-t6) [see Fig. 4(f)]: At time ¢ = ¢, the current
icr returns to zero because the leakage inductor Ly, releases
its energy completely. At the same time, the clamped capacitor
C starts to release its stored energy into the auxiliary inductor
through the clamped switch ;.

Mode 7 (t¢-t7) [see Fig. 4(g)]: At time ¢ = t4, the body
diode of the switch S} conducts to carry the current i, because
the primary winding of the coupled inductor Ts releases
its stored energy persistently. At the moment, the auxiliary
inductor L,,, starts to release its stored energy for the source



104703-5 Zhang et al.

Vo2 through the diode D via the floating charge type. When
the primary winding of the coupled inductor T releases its
leakage energy completely, the current iz, drops to zero, and
this mode terminates.

Mode 8 (t7-tg) [see Fig. 4(h)]: At time t = t7, the low-
voltage switch S; is turned ON. During the interval, the
secondary current iz g gradually decays to zero, and reverses in
the later stage of this mode. When the diode D, turns OFF, the
diode D3 turns ON to carry the secondary current izs. Then,
it begins the next switching cycle and repeats the operation
from mode 1.

lll. CONTROL ALGORITHM ANALYSIS

In order to implement the SIMO-DC-DC converter, the
first step is the choice of the state variables. According to
the suggestions in Ref. 20, since the magnetic flux is not
directly measurable, the current i,, defined as follows will be
employed:

t € [0,Ton]

t € [Ton,T]’ M

A lp

i, (14 N)
where T' = Toy + Torr is the switching time period, N is the
ratio of the secondary winding turns to the primary winding
ones, and iy p is the primary winding current. As shown in
Fig. 2, the corresponding equivalent dynamic equation is given
as

di,
R02+Lp(1+N)l—=Vm—(1—'4)€02
e AV _(-wl @

C = m ux
2T T e N T e

where u € (0,1). More specifically, u = 1 when S, is ON and
S5 is OFF; u = 0 when §; is OFF and S, is ON. The vector x
of state-variables error is defined as:

X = [xi,x0] = [im = I e = Vo | ©)

The standard modeling can be deduced as the following:

X = Ax + Bu+ Az + D. (10)
Among
2= [l V] (11)
__ Re 3 1
A= L1(1+N) L1(1+N), (12)
iy
e
p=|LUFN (13)
L Ca+N).
v
D= T;‘N) , (14)
| C(+N))
g = 14N e (15)

m 1 —ref02°
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The choice of the ratio N is affected at no-load operating
condition by imposing the lowest admissible duty ratio.
According to the variable structure system theory, a sliding
surface must be chosen within the state variables space, where
control functions are discontinuous. As a consequence of
the feedback control, the system structure alters when the
state variables cross the mentioned surfaces. In general, two
different dynamic conditions can be distinguished:

e reaching dynamics, which is a fast dynamic, forcing
the state variables of the system towards the sliding
surfaces;

¢ sliding dynamics is a slower dynamic condition, where
the state variables “slid” towards the origin of the state
space and remain in the sliding subspace.

The following sliding surface is chosen:
ref = kix; + koxo, (16)

where k; and k; are the control parameters, ref is a reference
input. The system may generate the steady state error once
the operating points change, so the sliding mode surface is
modified to

t
S(x) = kixy + koxa + k3/ (x2—vrp)dt =0,  (17)
0

where V., is the referenced input voltage.
By assuming the ideal hypothesis of infinite commutation
frequency of electronic switches, the control law is set as

_{1 S(x)<0

0 S(x)>0" (18)

The hysteresis band can be easily derived once the
maximum switching frequency has been fixed. More specifi-
cally, itis evaluated in correspondence to the no-load operating
condition involving the maximum switching frequency. We
assume that the error variables are conveniently smaller than
the corresponding references and neglect the loss parameter.
The following inequality can be derived for guaranteeing the
existence of sliding mode:

L, I
ki > kp == 2% 19)

Once the maximum value of the reference current and the
minimum value of supercapacitor discharge voltage have been
estimated, k; and k; can be selected properly.

IV. SIMULATION ANALYSIS

According to the design rules of the power system
mounted on electric vehicle, we adopt the 14 V vehicle
power system. The power system supplies air conditioning
compressor, cooling fan, each LED lamp, and so on. Because
of differences among their voltage levels, the design of the
SIMO converter selects 48 V and 24 V as outputs in the
research. With the above analysis, the main parameters in
the design of the SIMO converter are as follows:

The input voltage: 12-16 V.

The rated input voltage: Vi, = 14 V.
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FIG. 5. The output voltages of conventional control algorithm: (a) feedback
algorithm; (b) SMC algorithm.

The rated output voltage: Vo; =48 V, Vgp =24 V.

The series resonant frequency: f; = 100 KHz.

Based on the analysis of the circuits and the algorithm
of the sliding mode control, we simulate the SIMO DC-DC
converter on MATLAB/SIMULINK. With the requirements of
design and the data comparison among the actual simulations,
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FIG. 6. Experimental output voltages of SIMO converter: (a) high-voltage
output; (b) low-voltage output.
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FIG. 7. (a) Output waveform of sliding-mode controller; (b) output wave-
form of PID.

the following parameters of the circuit are determined: L,
=175 ,uH, Laux=20 ,LLH, LS: 10 ,uH, C02=50 ,uF, C1
=200 uF, C; =10 uF. According to the actual simulation
tests, the corresponding PID parameters are obtained.
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FIG. 8. Experimental output current of SIMO converter: (a) current wave-
form of high-voltage output with rated power; (b) current waveform of
low-voltage output with rated power.
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The main purpose of designing the SIMO converter is to
obtain multiple outputs from single input, and maintain the
output voltages stable by taking advantage of the SMC-PID
control algorithm.

In order to analyze the performance of the SIMO
converter further, we introduce the conventional feedback
control algorithm and conventional SMC control algorithm,
and the simulation results are shown in Fig. 5. The results
indicate that the overshoot of the conventional algorithm in
Fig. 5(a) is much larger. And based on the same timeline, the
time used to reach the stable state in Fig. 6(a) is much less than
that in Fig. 5(b), which demonstrates that PID-SMC control
algorithm has the better performance of dynamic response
than the conventional algorithm.

The waveforms of the output voltage Vp; and Vg, are,
respectively, illustrated in Fig. 6. The high voltage V}; and the

L s L L L
0 0.01 0.02 0.03 0.04 0.03 0. 06
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(a).

L L
0 0.01 0.02 0.03 0.04 0.05

Switch S

tls
©).

FIG. 9. Load resistance switching from 12 Q to 8 Q: (a) high output voltage;
(b) output current; (c) switch control.
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low voltage Vj, can rapidly reach a stable state. The amplified
voltage waveforms show the rated values of voltage ripple are
approximately 1% both in the 48 V high output voltage and
24 V low output voltage.

The output of PID during the stabilizing process of the
SIMO converter is presented in Fig. 7. The output of PID is
large when there is a huge difference between the expected
voltage and the actual voltage in the beginning, while it
slumps in no time under the adjustment of the feedback
system. This output keeps stable of zero when the load remains
steady. Fig. 7(a) shows the output waveform of sliding-mode
controller, that is, the driving waveform on main switch S
and S,. The output tends to be steady when the load does not
change after the fluctuation during startup state.

By adjusting the output load, the SIMO converter can
work at the maximum power output. The corresponding
currents of the two outputs are measured and shown in
Fig. 8. Fig. 8(a) indicates the current waveform of the high
voltage output at the maximum power (P,,0; = 240 W) and
the current keeps stable at about 5 A. Fig. 8(b) shows the
current waveform of the low voltage output at the maximum
power (P,,.02 = 150 W) and the current keeps stable at about
6.27 A.

Fig. 9 shows the waveform of the output voltage (a),
output current (b), and sliding mode control signal (c) when
the load resistance changes from 12 Q to 8 Q. As the simulation
results indicate, the oscillating behavior of the output voltage
during transient and load resistance change is inhibited. It
takes less time to start the sliding mode as expected.

V. EXPERIMENTAL RESULT

In this research, the sliding mode control is used to handle
the situation that the output voltage varies with load variation,
and a digital-signal-processor TMS320F2812 manufactured
by Texas Instruments is adopted to achieve the goal of
feedback control. According to the principle of SIMO design,
the high power LED group is connected into the high voltage
output circuit as the load, and the various resistances are used
in the low-voltage side as the load respectively, to simulate the
lights, air conditioners, and other equipment of electric cars.

Resistance Load

Input
Dsp =S :
Modular":' erminal
y)

FIG. 10. Practical photograph of the entire experimental setup.
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Freq=100KHz

FIG. 11. SIMO driving voltage waveform of switch and (yellow line: the
waveform of S1; blue line: the waveform of S2).

The practical photograph of the entire experimental setup is
depicted in Fig. 10.

In our fixed frequency PID-SMC control algorithm, the
circuit switching frequency is 100 KHz while the duty cycle
varies according to the input. The driving waveforms of switch
S| and S, are shown in Fig. 11. In Fig. 11, the yellow line
represents the waveform of S1, while the blue one shows that
of S2, which indicate that there is a certain dead time between
S1 and S2. There is a dead time between S; and S, waveforms,
which meets the design requirements of the circuit.

The experimental data are measured with resistive load
and LED load. The waveforms of the output voltages are
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FIG. 12. Prototype output voltage waveform: (a) high output voltage; (b) low
output voltage.
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shown in Fig. 12. In Fig. 12(a), the high output voltage keeps
stable at 48 V and the LED string works regularly. The low
output voltage waveform is shown in Fig. 12(b), where the
voltage ripple rated value is less than 3%.

VI. CONCLUSIONS

In this study, an efficient SIMO DC-DC converter is de-
signed successfully, and this coupled-inductor-based converter
has been applied well to a single-input power source with two
output terminals, which consist of a high voltage output circuit
and a low voltage output circuit. Meanwhile, this paper utilizes
the SMC-PID to control the DC-DC converter and the experi-
mental results have indicated that SMC-PID can guarantee the
DC-DC converter to work stably and show excellent dynamic
performance with small range variable loads. The feasibility
of this solution is validated by a MATLAB/SIMULINK simu-
lation. A prototype with the load of LED and pure resistance
is built based on the theoretical analysis and the simulation.
The experimental results of the simulation and prototype show
that the SIMO DC-DC converter with SMC-PID allowed to
confirm in a clear way the validity and the feasibility of the
proposed control strategy. An excellent control algorithm is
particularly significant in the power system. We will pay more
attention on the design of control algorithm in future work,
and introduce the adaptive sliding-mode control algorithm,
which endows the control system with better performance in
the situation of startup and dynamic loads.
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