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ABSTRACT In this paper, a single-inductor multi-input single-output (SI-MISO) DC-DC boost converter is
used for solar photovoltaic (PV) systems in DC or AC grids. The converter with N number of inputs combines
energy from PV panels along with fuel cells (FCs) to maintain stability. By implementing a new switching
algorithm in the converter, the output voltage of the converter and the power absorbed from each source
can be controlled independently, resulting in a simple and unique controller. In addition, the multivariable
control system can be controlled as N number of single-input single-output (SISO) systems without any
delay between switches due to the small-signal model of the converter and the proposed proportional-
integral-derivative (PID) cascade control scheme. For each PV source, an independent maximum power
point tracking (MPPT) algorithm can be employed, and the current sharing among different sources can
be achieved independently. The converter’s operating modes and the designed controller are present in the
paper. Experimental results using a 100-W prototype converter validate the accuracy and efficiency of the
proposed control scheme.

INDEX TERMS Multi-input single-output dc—dc converter, photovoltaic systems, proportional-integral-
derivative (PID) cascade control, renewable energy.

I. INTRODUCTION

Renewable energy sources, such as solar photovoltaic (PV)
systems, are increasingly integrated into our modern power
grids. However, variables, including sun exposure, temper-
ature, and shadow fluctuations, have significant impacts on
the efficiency of PV panels [1]. It is essential to combine
multiple energy sources (PV panels, wind turbines, fuel cells,
or batteries) in an energy conversion system due to their mutu-
ally complementary nature [2], [3]. The integrated power
supply system is more flexible, reliable, and efficient than
conventional single-PV sources with the maximum power
point tracking (MPPT). A typical procedure to convert energy
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from multiple sources is to link two or more DC voltage
sources to DC-DC converters and create a steady output
voltage for the load with a proper control setup [4], [5].
The use of multiple independent single-input, single-output
(SISO) DC-DC converters provides some advantages, such
as being user-friendly, but also requires a large number of
components and a high cost. To address these problems,
References [3], [6], and [7] have proposed various types
of multi-input, multi-output DC-DC converters, in which
the quantity of semiconductors and inductors is effectively
reduced, and thus, enhance the power density and reduce the
price. A PV system, along with batteries, supercapacitors,
or fuel cells (FCs), can be integrated through a multi-input
DC-DC converter [8], as shown in Fig. 1, forming a hybrid
energy grid-tied system.
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A multi-input converter can be categorized into two major
categories: isolated and non-isolated. Isolated DC-DC con-
verters are suitable for applications that require isolation
between inputs and outputs. Using a multi-winding trans-
former for electrical isolation in an isolated multi-input
converter increases the size and the total losses. In [9], [10],
and [11], different types of isolated converters are introduced.
On the other hand, it is possible to design a PV system with
a less complex structure and enhance its efficiency by using
non-isolated multi-input DC-DC converters [12], [13]. In this
paper, the non-isolated single-inductor multi-input single-
output (SI-MISO) DC-DC converter introduced in [7] (Fig. 2)
is adopted.
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FIGURE 1. Hybrid energy grid-tied systems.
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FIGURE 2. The non-isolated SI-MISO DC-DC converter [7].

The SI-MISO DC-DC converter only has one inductor,
and the inductor is the only path for power to flow through
all ports, thereby achieving high power density and reducing
the overall volume and weight of the converter [14]. Current
sharing while simultaneously regulating the output voltage
is one of the main challenges in the design of multi-input
converters. Variations in each input source can also affect
the control of other input sources. For instance, FCs have
become increasingly popular as auxiliary power sources due
to their cleanliness, high efficiency, and stable performance.
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However, the long startup period and slow transient char-
acteristics of FCs make them hard to combine with other
sources [1], [12]. To achieve the MPPT, current sharing
between input sources, output voltage regulation, and the
total absorbed power control simultaneously, an effective
multivariable control system is urgently needed.

Although non-isolated multi-input converters have a lower
cost, smaller size and higher efficiency, controlling these
converters has always been a challenge, specifically when the
converter is used in PV applications and the MPPT is required
for PV inputs. From the control perspective, multi-input con-
verters are multivariable systems, and their control is different
from SISO converters. Many linear and non-linear methods
are available to control multi-input converters, each with
advantages and disadvantages. In [1], [14], and [15], a decou-
pling network is introduced to change a multi-variable/input
system into multiple SISO systems, but the MPPT cannot be
used, and a system with a high number of inputs becomes
very complicated and unstable. Other methods to control
MIMO converters are proposed in [16] and [17], but they are
complicated, and also do not have the MPPT.

To overcome these challenges, in this paper, we propose an
effective control method for the SI-MISO DC-DC converter
for PV applications. The main contributions of this paper
include:

1) Using the proposed control method, each PV source is
equipped with a MPPT control, and the whole system
has an output voltage controller, all working indepen-
dently. This proposed control method is applicable to
all multi-port DC-DC converters with similar switching
behavior as the studied SI-MISO DC-DC converter.

2) Generally, the output voltage of a boost converter
cannot be controlled directly by linear controllers.
In this paper, a proportional-integral-derivative (PID)
cascade controller is proposed to control the output
voltage of the converter indirectly through the inductor
current [4], [18], [19].

3) The proposed PID cascade controller is simple to
implement, and has high robustness and fast dynamics,
which has been proven through experimental results in
Section V.

The paper is organized as follows: in Section II, the SI-
MISO converter is introduced; the novel control method is
proposed in Section III; in Section IV, experimental results
using a 100 W prototype are provided to validate the pro-
posed control performance in the SI-MIMO converter; and
conclusions are drawn in Section V.

Il. CONVERTER ANALYSIS AND DESIGN

The SI-MISO converter used in this study is shown in Fig. 2.
There are multiple input power sources, a PV system (Vi)
and (N-1) FCs (Vin2)-( VinN) to provide a reliable output. R is
the load resistance, representing the equivalent power sup-
plied by a grid-connected inverter. There are power switches,
S1, Sz, ...., SN, that control the output voltage and power
flow of the converter. Based on the number of input sources,
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working restrictions are applied to the circuit; and to simply
the circuit, the branch with unidirectional switches, MOS-
FETs and diodes is converted into a single diode (S1) and a
MOSEFET (D»); otherwise, we can add D in S; branch and
S; in Dy branch to rectify the restrictions [14].

To simplify the operating mode analysis, the dual-input
version (one PV and one FC) of the converter is evaluated.
The following are restrictions of the converter with two
inputs:

D) Vint > Vin

2) Vout > Vinl

Figs. 3 and 4 show operating modes and waveforms,
respectively. To simplify the converter analysis, it is assumed
that the semiconductor devices are ideal, the voltage of
all capacitors is constant, and the magnetizing inductance
L is large enough, leading to a constant inductor current
(IL) with low current ripples. Working conditions are deter-
mined by polarities of the switches. When using more than
two input sources, the same analysis method applies, and
all switches in branches parallel to the inductor behave
exactly like the switch S3. Working restrictions are rec-
tified by the proposed output voltage controller, which
has a high stability around the operating point of the
converter.

A. VOLTAGE GAIN AND COMPONENTS DESIGN

In the SI-MISO converter, the inductor is energized at the
first two working stages, and de-energized at the last working
stage to supply the load. Therefore, the switching period of
the converter has three different operating modes based on
the switches and one inductor as follows:

Interval 1 (ty~ty) [Fig. 3(b)]: In this mode, from the
beginning of this interval (7p), the gate-source signal to
both switches is applied, and only the switch S conducts.
The energy of the first input source (PV) is transferred to
the inductor and the inductor voltage is V;,. The capacitor,
C1, is discharging, and the capacitor, Cj,, is transferring
energy to the inductor. The diodes, D3 and D,, and the
switch, S3, are reverse biased and do not conduct. The fol-
lowing equations are derived based on Kirchhoff’s current
law (KCL):

Ve =V, = Vg,
VD2 = —Vo < 0,

ic, = —lo, ic,, = liny —ir (1)
VDS3 = Viz — Vil <0 (2)

where Eq. (2) shows why D3, D> and S3 are reverse biased.
Interval 2 (t1~t,) [Fig. 3(c)]: At 11, the gate-source signal
of the switch, Sy, is turned off, while the gate-source signal
of §3 is still applying. In this mode, the switch, S3, conducts.
This time, the energy of the second input source F'C is trans-
ferred to the inductor and is being charged by the voltage
of V;,. Moreover, the capacitor, Cy, is discharging, while the
capacitor, Cjy,, is charging from the first input. The diode, D1,
is reverse biased and does not conduct, and the switch, Sj,
is turned off. The following equations are derived based on
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Kirchhoff’s current law (KCL):
Vi =Vi,, Vi =V, ic, = —io, ic;, = lin, 3)
Vs, =Vy =V, >0, Vp, =V, — (Vi +V,) <0 (4)

Interval 3 (ty~t3) [Fig. 3(d)]: At tp, both switches, S|
and S3, are turned off. Only the diode D; is conducting. The
energy from the inductor and the first input is transferred to
the load, and the inductor is being discharged by the voltage
of V;;, — V,. The capacitor C; is charging, while the capacitor
C;, is discharging. In this mode, the diode Dj3 is turned off.
The following equations are derived:

Vi =Viy — Vo, ¢, =iL — o, icy, =liny —i.  (5)
VS] = V() + Viz - Vi] > 09 VD53 = Vo >0 (6)
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FIGURE 3. The SI-MISO converter and its equivalent circuits in different
working stages: (a) converter, (b) [y, ;] in CCM, (c) [t,, £,] in CCM, (d) [t,,
t5] in CCM.

By applying the flux balance theory to the inductor, the
following equations are derived from (1), (3) and (5) to
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calculate the inductor current in (7). The voltage relationship
between V,,, V;; and V;, is shown in (8).

. io Vo . i2 . il
ip=—=——, ip=—",iLr=—— (7
D Ry x Dy D3 D1+ Dy
Di+Dy)xV;, +D3 xV;
Vv, = (D 2) i 3 iy (8)
D,
~
‘ésl
>
‘és.?
Vbpsi
>
Vbs3
> 1
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> 1
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— — i
</ ***************** Sl B L
>
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FIGURE 4. Waveforms of the switches gate signals (Vgs, and Vgs,),
drain-source voltages (Vps. and Vpg_) and currents (Ipg. and les), and
the inductor voltage (V;) and current (/) of the studied converter under
steady state.

By considering a desired peak-to-peak ripple current,
the inductance of the inductor in the circuit is deter-
mined in (9). The converter is designed to work in the
continuous-conduction mode (CCM), thereby, the inductor
current will never be zero. Based on this working condition,
the minimum inductor capacity can be obtained in (10).

L= Vo= Vo xDr o
2XA1L
V,'Z XD3+V,'1 x D
2% Al s ©
Lygin

D%x[(V,,—Vi ) (;;Vo)]xn

(RxD3xDyxVi,)+(RxDy x Dy x Vi, )
XTS
2xV,

= Min

(10)
The peak-to-peak ripple voltage is used to determine the

capacitance of the capacitors C; and Cj, as follows:

(A =D)xiy (D +D3)xi,

C = Ts (11
T T % aAvg 2w ave, s b
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D+ D i
Cy, = M x T (12)
2 x AV¢,

B. DYNAMIC MODELING OF THE CONVERTER
The multi-input converter is controlled by the switches, Sy,
S3, S4, ..., and S,,. Each switch has a unique duty cycle. The
output voltage and MPPT for the PV input can be adjusted
through a proper switch duty cycle regulation. To design
closed-loop controllers and study transient and steady state
behaviors, the dynamic model of the SI-MISO converter must
be obtained first. Small-signal configurations are necessary to
describe the stability and transient behaviors of the converter.
An optimized controller is designed based on a small-
signal model. In particular, for a MISO converter, an effective
small-signal configuration is crucial for the closed-loop
control and converter dynamics optimization. Unlike con-
ventional single-input converters, a multiport converter is
a high-order system, the symbolic derivation of its plant
transfer function is rather monotonous, and it is challenging
to find poles and zeros. Alternatively, the plant dynamics
can be described in a matrix format, so the bode graph of
different transfer functions can be plotted [20], [21]. Based
on the small-signal modeling method [Y], the state variable,
duty ratios, and input voltages include two parts, DC values
(X, D, V) and perturbations (x, d, ). The perturbations are
assumed to be small during one switching cycle, and do not
vary significantly over time. We have the following equations
for the converter under study:

i (1) =1 +ig, (1)
Vo (1) =V, + 1’}0(2‘)
dy (t) = Dy +di (1)
d3 (t) = D3+ d3 (1) (13)

dy (1) = Dps1 + dyi1 (1)
Vpy (1) = Vppy + 1,>pv @)

where iy, (¢) is the inductor current and v, (¢) is the output
capacitor voltage state variable. For a converter with more
than one input, n is the number of switches in the MISO
converter. In a three inputs model, for instance, n is equal to 3,
and the duty cycle variables are d; (¢), d3 (¢), and dy (t) .

In this paper, there is only one PV source as the pri-
mary source, and other inputs parallel to the inductor aim to
enhance the circuit reliability. Based on the equation of each
variable, the inductor and capacitor equations are determined
for each interval. The open-loop steady state equations of the
converter are derived in (14), as shown at the bottom of the
next page, for any number of inputs.

As aresult of (15), as shown at the bottom of the next page,
the system can be represented as a matrix using a state-space
model, where X, y, and z are state variables. The state-space
model is presented as follows:

(16)
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where u is a vector of control variables contains control
inputs, di (¢), d3 (t), ..., and d, (t), ¥ is a matrix of the
system’s outputs, and X is a vector representing the state
variables. )

So, the matrixes X, ¥, and  are in the following form:

o di (1)

ip (¢ A ds (t)
=90 |, y:[%g;] i=| (17)

Do (1) ’ 5 :()

o (t

As a result of using the state equations (15), for the
converter with a PV source and a backup FC source, the
state space equations and A, B, C, and D matrices are as
follows (18)—(20), as shown at the bottom of the next page.

C. INDEPENDENT CONTROL OF OUTPUT VOLTAGE AND
INPUT POWER

There is an independent control of the input voltage and
output voltage in the converter [12].

Firstly, according to (8), the terms (D; 4+ D) can be
rewritten as (1 — D3), as we assume the whole cycle is equal
to 1 (D1 + Dy + D3 = 1). Also, (1 — D3 — D) is used to
represent D». The output voltage equation of the converter is
given by

_ (1 —D_?,)XVZ'1 + D3 x V;,
- 1 — D3z — DI

According to (21), the output voltage is controlled only by
Ds. The duty cycle of the switch connected to the input with

Vo

, D3> D 21

Top View Whole View

Vin1/Vin2

-
gy
i
el
04

—
g3
o

s ! Al

FIGURE 5. Relation of the two input voltages in the two-port SI-MISO
converter to determine the main input.

the lowest voltage, known as the “main input™ ($3), is always
higher than the duty cycle of switches connected to other
inputs.

Fig. 5 shows that the duty cycle of switch S5 is greater than
the duty cycle of switch S;. Other switches are slaves (S7)
if they are connected to a PV source with the MPPT. If it is
assumed that (D3 > Dj), we can estimate the denominator
of (21) as (1 — D3). Therefore, the output voltage depends
only on the main input. Fig. 5 illustrates (21) using MATLAB.
In the region in blue color in Fig. 5 (top view), the duty cycle
of S3 (D3) is higher than the duty cycle of S (Dp), and it is
always the case that Vi, is lower than Vj,;» in Fig. 5 (whole
View), and the restrictions have been described in Section II.
Fig. 5 indicates that, based on (21), the switch connected to
the input with the lowest voltage (the main input) has a higher
duty cycle than switches connected to other inputs.

dir (1) . dd,(1) Do) dv Do) A
Interval(1) : L—2= = =0pu(1),  Cy ;t = —;—0, - d’t” = 1?,,_4 — i (1)
diy (t dv,(t Do(t Aoyt Dot
Interval(2) : L i (1) -V, G, Vo(t) _ _Vu( )’ va( ) _ va( )
dt dt R, dt vaeq
di; (¢ dv,(t Dot dvy,(t)  Do(t
Interval(3) : L ip (t) _ _Vi31 c, Vo(t) _ _Vo( ), va( ) _ va( )
dt dt R, dt Ry,
: (14)
diy (t dv,(t Do(t dvy() Dot
Interval(n) : L i (1) - V.. G, Vo(t) _ _Vu( )’ va( ) _ va( )
dt dt R, dt vaeq
dip (1) . Do(t) dbot) - Dot) . dip(t) (D) s
Int l 1):L = 1) — , C, = t) — , = — t
nterval(n + 1) i Vpu(1) R, ° s i, (t) R, P va(,q i, (t)
RLAG) = (1-30) %+ (1+a1 ) = d5 1) =+ =8y (1)) Ip (1)
dt = n 0 1 3 n 'pv
(A5 O+ du D) (=0 () = Ty (O Vi o+ Vi) 1 () (1) = Viy =+ = Vi)
dio(t)  » A 4 I Vo(t)
Comg =i (1=dh0) =i (ho) -
dv,,(t You(t A N A .
- szz( ) _ W ® o (Zdn (1) + - 4235 (1) — 24, (1) — 1) (15)

Rp Veq
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Secondly, from (21), the output voltage V,, only depends
on D3, i.e., D3 can solely control the output voltage of the
converter. From (19), V), is related to both D; and D3. There-
fore, to design the MPPT, we can assume D3 as a constant
value corresponding to V,. The MPPT is developed for the
duty cycle of switch S;(D1), and changes in D3 are treated
as disturbances, and the MPPT’s PID controller adjusts D in
response to disturbances.

Ill. THE PROPOSED CONTROL SCHEME

Two major challenges in implementing multi-input convert-
ers are the current sharing and output voltage regulation.
Variations of each input source affect the control of other
input sources. Besides the duty cycle of switches needs to
be controlled, the delay between switches should also be
controlled for the MPPT and current sharing. Therefore,
the current sharing and the MPPT algorithms of multi-input
DC-DC converters are affected by various variables, which
make their control circuit complicated.

For the SI-MISO converter in this paper, the MPPT control
for each PV input source and the output voltage regulation
are independent of each other, as explained in Section II.
For the converter’s control circuit design, the following two
possibilities are considered [12]:

1) Possibility 1: To independently manage the output volt-
age in stand-alone applications, the voltage of at least
one input source must be lower than the MPP voltage of
PV cells. This source does not require the MPPT, and
it can be fuel cells or backup batteries (Fig. 6).

2) Possibility 2: 1If PV cells are the only input sources,
the MPPT is required, and all switches are regulated
independently by the MPPT algorithms. Due to lack of
amain input, the grid-connected inverter should control
the output voltage by supplying the power balance at a
desired voltage [12].

From (19), the transfer function matrix of the converter can

be obtained as follows:
G=C(GI—A)7'B+D (22)

where G is the system’s transfer function, s is a variable
in the Laplace domain of the operator, and / is an identity

Power Circuit

Simple Voltage feedback controller

.................................................

I L Master —

Output-Feedback Voltage

Independent
MPPT
Algorithm

Slave

Independent

MPPT
Algorithm -

FIGURE 6. Overview of the control system for the SI-MISO converter [12].

matrix. The number of control variables is demonstrated by
the G matrix’s rank. The transfer function for the SI-MISO
converter is expressed as follows [14]:

Y1 (g1 g2 - gm uj

2 821 822 T 8n2 u
For ninputs : | . = . .

Yn | | 81n 82n 8nn Un
For 2inputs : | 21 | = | 811 8§12 )1 (23)

y2 | | 821 822 [ [ U2

where the system’s input vector is u, and its output vector
is y. The transfer function between y; and u; is defined by
gij- The control method consists of # independent controllers
for each switch of the SI-MISO converter as a variable.
Therefore, to control the converter with two inputs, the system
has two independent control variables. The switch is linked
to PV sources, which can be differentiated from the transfer
function, responsible for the MPPT of this PV source. The
other switches are responsible to control the output voltage.
In this paper, because we consider a two-port MISO con-
verter with two output variables (V¢, I1), the output voltage
(Vc) generally cannot be controlled directly with linear
controllers. Therefore, by using the inductor current (I ) feed-
back in the PID cascade control structure, the output voltage

diy, (1) . . i 5 . . . . .
LT = (1=d5 1) 90 0+ (141 () = &5 0)) B (1) + (=90 (0) = B () 4+ Vi) 31 (1) (o () = Vi) (18)
dvy(t) ) ~ 2 ~ Vo (1) dvpv(t) N ﬁpv(t) o A ~
C=2= =i ) (1-ds () =i (s (1) = R P a T, tEO (ko -2m-1) a9
0 1+D; —Ds 1 —Dj3 Vv — V2 Vo=V + V2
L L L L
D3y —D; —1 1 —I I
A | 2 0 . B= L L ;
Cin Cin X vaeq Cin G
1-D; —1 I
0 e 0
C, R, x C, C,
c=[0 1 0]; D=0 (20)
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(V) can be indirectly controlled. This method includes two
PID controllers, as shown in Fig. 7.

Due to small signal characteristics of boost converters, the
transfer function O/u is unstable and has a pole on the right
side of the Root-Lucas diagram. A PID cascade controller
can rectify this problem. As the first step, a PID controller is
designed for the inductor current transfer function as follows:

_ I Ci(s)xHi(s)

B Iref B 1+ Cy () * Hi(s)
where Ty, as shown in Fig. 8, is the transfer function of the
inductor current, and its closed-loop equation is introduced

in (19). H; is equal to IL/M. The control system can be
simplified once the first PID controller (C}) is designed.

(24)

N

Yoy
; ¥ -
)| mpPT PI Current Input
s Algorithm |~ Control Voltages ?ﬂ> I
‘
; S IIIIIIIIIIIIIIIIIIIIIIIIIIIIZ SIIIIIIIIIIII Proposed
| SI-MISO
: + PI Voltage I,_"/ + PI Current N PWM 3 Ve
:Vore Control Control Modul e
Vo _
[ t

[ dyttelelteleldeleleltuteble il felelleleledetelelelefylleleleletelelebetelely I

: +<) PI Voltage I/
B ige |1y PI Current PWM U3
EV 0™ w Control »@_’ Control || Modulator [~ Boost Converter Ve

FIGURE 8. The PID cascade structure.

-

+ PI Volta, I |
( ) ige L Max 1 I Vo
ref Control Saturation Ts Hi(S)

Vo

FIGURE 9. First PID controller.

The output of Ty is then calculated using the inductor
current. As a result, the transfer function H; (s) is proposed to
design the second PID controller based on the output voltage
reference in (26).

_ Ve _ -1
H3 (s) = E = Hj (s) x H1(s) (25)
X () = YE = Hy () T(s) (26)
Lyer

Eq. (26) indicates that H3 (s) is related to the V¢ /I, equation,
and the second PID controller is designed for the transfer
function X (s), as shown in Fig. 9.

When developing PID controllers, their dynamic responses
must be considered. The dynamic response of the first loop
related to the inductor current is considerably faster than the
dynamics of the capacitor voltage [15], [18]. This differ-
ence between responses of two feedbacks cause unbalance
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between two PID controllers. In each cycle, the inner loop,
which consists of the inductor current feedback, has a faster
transfer function compared to the external feedback, which
consists of the output voltage feedback. Therefore, for an
adequate design, the current loop’s bandwidth must be ten
times greater than the output voltage loop.

Parameter specifications of the PID controllers are given
in Tables 1 and 2. Using the PID Tuner application in MAT-
LAB and based on the trial-and-error method, the controller
parameters can be obtained.

The phase margin of the converter should be within the
range of [60°, 80°] [14], and the gain margin should be greater
than 10 dB. Fig. 10 shows the Bode diagram of the converter
before and after using the proposed PID cascade controller.

TABLE 1. The PID controller's parameters.

Controller Value
K,, = 0.0073
PID, K;, =149
Kq, =1X 1076
K,, = 0.0049
PID, K, =323
Kq, =0
TABLE 2. The PID controller's behaviors.
PID, PID,
Rise Time 0.0005 (s) 0.02 (s)
Settling Time 0.006 (s) 0.03 (s)
Overshoot 0.2% 0.9%

BW closed loop 4063 (rad/sec) 123 (rad/sec)

Before PID Cascade: (P,,=-88.4, G,,=55.4)
After PID Casca(}ng:;m(llm’,,,= 64.3, G,=13.8)

Magnitude (dB)

Phase (deg)

360 L L L

10° 10 102 "0 10* 10°

Frequency (Rad/s)
— Before PID Cascade; — After PID Cascade

FIGURE 10. Bode plots of the closed loop system before and after the PID
cascade controller.

IV. RESULTS
A. EXPERIMENTAL RESULTS

In this section, the proposed control method for the SI-
MISO DC-DC converter is validated by experimental results
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TABLE 3. Parameter specifications of the 100 W prototype converter.

Parameters Value
Switching frequency f;,, 10 kHz

Input voltage V;,; (Solar cell simulator) ~30V

Input voltage V;,, (Fuel cell simulator) 20V

Output Voltage V, /Output power 100V/100W
Rated Output Current I, 1A

Inductor current /;, 6A

Inductance L 1.2mH/28A max
Capacitances C, and C;, 1000uF/450V
Switches S; and S5 IXFH24N90P

VS-65EPS12LHM3
LA 55-P/ LV 25-P

Diodes D, and D;
Current sensors/ Voltage transducer

i To Gate-Driver

1 & ARM
From Fucl : o :Microcontroller:

Cell Simulato: Y Epyeres

E".From Solar
§ Cells Simi

AaD: ]

-
Attached to

&
G

aull¥
i i

FIGURE 11. The prototype of the SI-MISO DC-DC converter with two
inputs.

using a 100 W prototype converter. The parameters used for
this prototype converter with two input sources to supply a
stand-alone load are shown in Table 3. The prototype con-
verter’s system set-up for experiments in the lab is shown in
Fig. 11. The converter can be used to manage power for solar
PV panels or a battery storage system, and optimize energy
utilization.

Figs. 12, 13 and 14 show experimental results with the
input sources connected to solar cells and a fuel cell simulator.
The output voltage, inductor current, and duty cycle of the
switches S1 and S3 are shown in Fig. 12 during the open-loop
operation under nominal conditions. The measured output
voltage and inductor current are almost at 100 V and 6 A,
respectively, close to their specifications in Table 3. The duty
cycles of switches S; and S3 are 0.36 and 0.75, respectively.
These output voltage and inductor current are within the
desired range, indicating that design parameters are selected
correctly.

The system was further tested under closed-loop condi-
tions, as shown in Figs. 13, 14, and 15. Firstly, the converter
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was tested during a sudden disturbance of input sources.
Fig. 13(a) shows changes in the fuel cell voltage, Vrc,
from 20 V to 12 V; Figs. 13(b) and 13(c) show changes in
the PV cell’s voltage from 30 V to 12 V, and Vg¢ from 20 V
to 15V, separately and simultaneously.

Secondly, the converter was also tested for a sudden load
change. In Fig. 14(a), the load was suddenly reduced from
100 €2 to 50 €2, and in Fig. 14(b), the load was increased from
100 2 to 200 2. The MPPT control for PV cells operates
independently from the proposed PID cascade controller in
the converter. Fig. 15 shows the results of the MPPT operation
under a shading condition. It is found that the proposed sys-
tem can successfully track the maximum power point despite
the presence of shading. The MPPT algorithm can adjust
the duty cycle of the converter to maintain the PV source at
its maximum power point, while the PID cascade controller
ensures that the system is operating at the highest efficiency.

The experimental results indicate that under challenging
conditions, such as shading and sudden changes in input
voltages and load, the proposed system maintains stable oper-
ation and an overall efficiency of 92.4% at full load. The
components count is low in the converter, there are only two
conducting switches/diodes in Stage two, and one conducting
switch or diode in other two stages, leading to low conduction
losses, and contributing to a high system efficiency. In terms
of the control system performance, the proposed controller
has fast dynamic response, zero steady-state errors, and high
stability under various testing scenarios; and it also has a low
cost and is simple to implement.

B. ANALYSIS OF POWER LOSS AND COMPARISON WITH
PREVIOUS WORKS

The power transfer efficiency is defined as the ratio of the
power flowing out of the converter to the power flowing into
the converter from all input sources (both the PV source and
the fuel cell). To determine the power losses of the compo-
nents, we can calculate the root mean square (RMS) current
in (27) and the equivalent resistance of each component.

1
Is(rms) = \/FS / (Is + Als)zdt (27)

Table 4 shows the percentage of power losses for each
component. The inductor has the highest power losses, as it is
the only component with the current flowing through it at all
stages. Fig. 16 shows the overall efficiency of the converter
under different output power through experiments.

Table 5 shows the comparison between the converter in this
paper and multi-input converters in [6], [12], [21], [22], [23],
[24], [25], [26], [27], [28], and [29]. Due to their low output
voltage levels, converters in [21], [23], [24], [25], and [27] are
not effective to connect renewable energy sources to power
grids. The converter in this paper has the fewest elements
count, and thus, can be realized with a smaller volume and
a lower price. In terms of the control method, in the converter
in this paper, each switch is controlled separately without
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TABLE 4. RMS current and power losses of each component.

Components RMS current Element resistance Power losses Percentage of losses
Switch S; Is, (rms) = (\/D—1 x 1;,)/ (D1 + D;) Tpsyn, = 40 mQ 1.685 W 25.22%
Switch S5 Is,ms) = 11-1/\/[)_3 Tpsyn, = 40 mQ 1.265 W 18.93%
Diode D> Ip,rms) = 10/\/[)_2 rp =3.98mQ, Vpp, = 0.74V 0.706 W 10.58%
Diode D; Ip,rms) =1, //D3 rp =3.98mQ, Vip = 0.74V 0.551 W 8.24%

c, Ig,(rms) = loy/NJ (1 = D;)/Dy e = 20 mQ 0.137 W 2.05%
G Ig,rmsy = liy/[(1 = D3)/Ds . = 20 mQ 0.113 W 1.7%
L 1) = 1o/ D2 r, = 40 mQ 2224 W 33.28%

TABLE 5. Comparison of the studied converter in this paper and existing multi-input converters with two input sources in the literature.

This

(211 [221 [231 [24] 251 [26] [27] [28] [291 [6]  [12] paper
Power output [W] 236 - 200 100 100 100 450 100 96 1000 300 100
Independent control of power and " " < < < " < < " " v v
voltage
Independent power transmission v x 4 x x x v 4 x v v v
Extendable v v v v v x v v v v v v
Output voltage levels Low High Low Low Low High Low High Low High High High
Max. voltage across switches High High High High High High Low Low Low Low Low Low
Inductors 1 3 1 1 2 2 3 4 2 2 3 1
Switches 3 3 3 3 2 2 3 2 2 2 2 2
Diodes 3 3 3 3 3 2 1 6 2 3 3 2
Capacitors 1 3 2 1 1 2 2 2 2 4 4 2

[}
10 [6 A/div] ‘ |
| 1 A . 1 } depieiy [ I
Si
o b e S
| k| |
= At g o Vo100 Vidiv]
>3 =10 kHz
£=10 kHz e Time: [100 ms/div] i

(@) (b)

FIGURE 12. Experimental waveforms of the converter in open-loop operation: (a) duty cycle of switches S; and
S3, (b) open-loop operation under nominal conditions.

Vrc: 20112V | Vov: 30V—>12V 2 - P e
WPEN T ¥ f
‘ "_4‘74_1"*"". 1. [6A] 2 ‘ \ 11 [6A] b 5
16A] ,}’/ \ i Koot = et s Ty
i y ;Y 4 : i H H : t Vpv: 30V—12V
e e e ' » H 3 H H » H H
f i ’ Vo [100V]} ; P b H } Vic: 20V—15V
Vo [100V] / N N L OM L ; X
. i . Fidgiin Vie: 20015V r_10 iy =10 kHz
Time: [100 ms/div] 07 . Time: [100 ms/div] — Time: [100 ms/div] == ——
(a) (b) (©

FIGURE 13. Experimental waveforms of the output voltage (Vo) and inductor current (/;) of the converter: (a) change the fuel cell voltage Vg form 20 V
to 12 V; (b) change PV cell voltage Vpy from 30 V to 12 V, and V¢ from 20 V to 15 V at two different time separately; and (c) change Vpy from 30 Vto 12V
and V¢ from 20 V to 15 V simultaneously.

using a decoupling network, so the control can be done in in experimental implementation than other multi-variable
a straightforward and practical way and is much simpler converters.

VOLUME 11, 2023 114761



IEEE Access

A. Asadi et al.: Novel Control Approach for a SI-MISO DC-DC Boost Converter for PV Applications

*«. - Ro: 100 —2000hm
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(@ (b)

FIGURE 14. Experimental waveforms of the output voltage (Vo) and inductor current (/;) of the converter:
(a) the load decreased from 100 @ to 50 2; (b) the load increased from 100 @ to 200 €.

Ppv=60 [W/div] Pypv=60 [W/div] Ppv=60 [W/div]
Ipv=~0.16 [A/div] ‘
Viv=30 [V/div]
Pp=~5 [W/div]
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b e o
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Time (S) Time (S) Time (S)
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FIGURE 15. Testing the MPPT controller for the PV source in the converter under a shading condition.
TABLE 6. The simulated start-up behaviors of the proposed PID cascade " Inductor Current
controller. _ |
N
- - ]
PID Cascade controller with a MPPT £ 5
Rise Time 0.0108 (Seconds) 3
Settling Time 0.0473 (Seconds) 0y s F— 4 s
Overshoot 0%
Output Voltage
120
100
Z 5 —
100 gﬂ Pys J
S 4wl 1
95 > 2
0 1 .
0 0.05 Time (5) 0.1 0.15

o
S

®
S

Overall Efficiency (%)
=
wn

2
a

70
100 150

Output Power (W)

200 250

FIGURE 16. The total efficiency of the converter under different output
power through experiments.

Fig. 17 shows the simulated start-up responses of the
inductor current and the output voltage of the converter by
MATLAB/Simulink. Table 6 shows the simulated rise time,
settling time and overshoot during the start-up.

To improve the converter’s efficiency, as the future work,
soft-switching techniques can be applied to the circuit; the
wide-bandgap (WBG) semiconductors, such as GaN, can be
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FIGURE 17. The simulated start-up responses of the inductor current
(top) and the output voltage (bottom) of the converter under normal
operation (S- seconds).

used to reduce the forward resistance in switches and diodes;
and a better inductor can be designed to reduce power losses.

V. CONCLUSION

In this paper, a non-isolated single-inductor multi-input
single-output DC-DC boost converter with multiple power
sources is investigated, and a novel PID cascade controller
is proposed to indirectly control the output voltage of the
converter with the inductor current. Since this converter can
control the output voltage and the input power independently,
the MPPT can be used for each PV source, regardless of the
control scheme for the output voltage. The proposed con-
troller is validated using a 100-W prototype converter with
two input sources. It is found that the controller maintains a
fast dynamic response, zero steady-state errors, and is highly
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robust against disturbances. This converter benefits from a
simple structure with fewer components compared to other
multi-input converters in the literature and thus achieved
92.4% efficiency in the prototype.
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