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A new multivariable control technique is introduced in this paper. This method is applied to a three-input DC-DC converter. First,
the dynamic model of the converter is obtained in the state space, and then, the transfer function is achieved from the state space
model to design a controller. In the second step, the input-output sets must be paired using a relative gain array (RGA) matrix. In
the third step, the system is decoupled in the steady state by a simple matrix. The PI controller tracks the reference inputs of the
controller. If the designed controller has proper performance in the transfer function of the converter, it can be applied to a real
system. This multivariable control method has suitable performance and simple implementation, which results in an inexpensive
controller. The DC motor must work in a constant power region if the practical application is the aim. In this case, the torque can
be directly controlled to regulate the speed of the DC motor without needing a gearbox, which promotes total efficiency. Real-time

simulation and experimental results verify the effectiveness of the proposed system.

1. Introduction

In the near future, the use of PV and FC will be com-
monplace as renewable energy sources. A battery can also be
included in the system to enhance system reliability. As
power generation via PV strongly depends on environ-
mental conditions such as temperature and solar radiation, it
is essential to use a battery as a backup power source. In
addition, when PV generates excess power, a battery is
required to store the surplus PV energy. Without a battery, it
is not possible to obtain maximum power from PV.

The control systems proposed in some studies have
serious disadvantages and are thus impractical. In [1, 2], the
authors proposed a new three-input DC-DC converter,
besides a decoupling network for converter control. The
decoupling network is one of the oldest multivariable
control methods. In general, since a hybrid multiinput DC-
DC converter has more than one switch, the number of
inputs is more than one. Thus, based on the control theory,
such power converters are multivariable systems. As a result,

to control these types of power converters, a multivariable
control method must be used. The most important part of a
multivariable control system is coupling. In [1], in the first
step, the small-signal dynamic model of the proposed hybrid
multiinput DC-DC converter is achieved. In the second step,
the decoupling network is obtained from the state space
model. After calculating the decoupling network, an ap-
propriate compensator is designed. Using a decoupling
network creates numerous problems for the system. First,
the system needs a complicated compensator. Second, the
coupling loop in the decoupling network keeps the system
stable within a small range of variations. Besides their dif-
ficult implementation and preservation, such control sys-
tems are extremely expensive. Still, the most significant
problem is the decoupling network being noncausal;
therefore, the decoupling network cannot be implemented.
In other words, based on the control theory, the power
electronic converter cannot decouple with this control
method. Figure 1 represents the proposed control method in
[1], where G*,,, is a decoupling network that can create a
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FiGure 1: Decoupling control method [1].

diagonal system. Matrix (2) demonstrates the power elec-
tronic transfer function. This matrix is achieved from the
state space model and shows that the decoupling network
becomes noncausal in G*(2, 1). Therefore, if the Laplace
inverse is applied to G*,, to build the control system, as S
(S%) is of the second order, the system cannot be imple-
mented in real time. Hence, this control method is inap-
propriate for controlling a hybrid multiinput DC-DC
converter. In [3], the authors used the pole placement
control method, which could be manufactured in both the
inverter and the chopper mode. Their control strategy is very
expensive because of the number of sensors. According to
the pole placement theory, every single state variable must be
fed back via a sensor, including the state variables that are
not controlled. Due to measurement noise, this control
method amplifies the noise. Contrary to [1, 3], in [4], the
authors studied a new control method for power electronic
converters. However, their solution was invalid because the
small-signal dynamic model for the proposed converter was
absent. To apply a control system to power electronic
converters, first, a dynamic model must be obtained, and
then, the performance of the controller in the dynamic
model must be checked. If this performance passes verifi-
cation, the control system can be applied to a power elec-
tronic converter. In [5], a novel three-input DC-DC
converter was proposed, which used the structure of a

conventional buck-boost at the second entrance. It increased
the voltage gain of the power electronic converter, while the
lack of a series inductor created a discontinuous current in
the second voltage source. If the second source is a PV, it is
extremely hard to perform maximum power point tracking.
In [6], the main purpose was to maximize in PV and wind
sources. This approach is not suitable for different appli-
cations such as a DC drive, because a DC motor is controlled
by accessing the input voltage. However, their method
features do not control the DC-link voltage. Similarly, in [7],
besides the absence of a DC-link voltage control, there is also
a time-sharing problem. As for [8], using a general control
method is the advantage of the study. In contrast to [1], it
uses more switches, which causes switching losses to de-
crease the total efficiency of the system. Similarly, in [9],
there are fewer switches, but the battery is chargeable only
via FC and dischargeable only via PV [1]. The first advantage
of the system proposed in [10] is the sharing of switches
between the half-bridge converter and boost converter,
which reduces the cost. The second advantage is soft
switching, which facilitates voltage gain and efficiency.
Nevertheless, implementing a high frequency transformer
increases the system weight. Similarly, using a high fre-
quency transformer in [11-14] increased the system weight.
In [11], the authors utilized soft-switching methods, similar
to [10].

- 1 _&
811
G*M: > (1)
8
L 82
3107 s> +3x 10" s +4x 10" 6x10*s® +3x107s* +1x 10" s+ 1x 10"
4 3 6 2 8 11 4 3 6 2 8 11
G s +112s +5%x10°s"+4x10°s+5x10 s +112s +5%x10°s"+4%x10°s+5x10 2)
—8x10*s® +3x10%s* —4x 10" s +8x 10" -8x10"¥s +4x 10"

s'+1128° +5x10°s* + 4 x 108 s + 5 x 10"

st41128® +5x 10°s> + 4 x 10%s + 5 x 10"



International Transactions on Electrical Energy Systems

2. Converter Structure and State Space
Average Model

Figure 2 displays the converter structure connected to the
DC motor, where PV and FC are the power sources of the
converter. In this structure, for the first and second sources,
conventional boost and conventional buck-boost converters
are, respectively, used in conjunction with a battery. The
output of the converter is R-L-E, represented as an electric
model of a DC motor. For proper accuracy, the mechanical
part of the DC motor must be included in the model. Since
PV and FC are the main power sources and only V; provides
the DC motor current, it is necessary to select PV as V; or V.
Additionally, the DC motor, as a load, needs current to
provide the required torque. According to the structure, only
V1 provides the required output current (I,=1I;; (1 —d,)). In
addition, FC has a better output current compared to PV;
thus, if FC is chosen as a V; source, the proper performance
of the converter and system will be guaranteed. Conse-
quently, FC and PV are, respectively, designated as V; and
V, sources. Nevertheless, the discontinuous current of the
PV source makes maximum power point tracking a chal-
lenge in PV. To overcome this challenge, a conventional
buck-boost has been allocated to the V, source. Therefore,
I1, should be controlled such that PV produces the maxi-
mum power. In this paper, the main objectives are the
extraction of the maximum power from the sources and
controlling the DC-link voltage in each mode. Generally,
this structure has three modes. In the first mode, sources can
generate the required power for the load or DC motor;
therefore, the battery must be bypassed. In the second mode,
the generation from sources cannot provide the load, so the
control system must add battery power to the converter to
supply the required power for the DC motor. In the third
mode, the generation from the sources produces surplus
energy that can be stored in the battery. Thus, in the third
mode, the battery is charged. Each mode is divided into two
operating points because the DC motor must be able to work
in a constant power region without influencing the maxi-
mum tracking. In [1], the proposed converter and control
system is simulated only at one operating point. However, in
this study, considering the DC motor as a load, the torque
must be altered to regulate the speed in each mode. Thus,
each mode consists of two operating points. The second
operating point is defined as torque variations to regulate the
speed of the DC motor. Moreover, changing the torque
should not affect the maximum.

2.1. First Operation Mode (Supplying the Load without a
Battery). In the first mode, the battery must be bypassed
because the generated power from the sources equates to the
required power of the output stage. Since S3, D3, Sy, and D,
are allocated to establish the charge and discharge paths of
the battery, it can be bypassed by turning S; off while turning
S, on. Based on the control theory, the duty cycle of the
switches equates to control signals, i.e., adjusting the duty
cycle can produce the desirable output in the converter. Due
to bypassing the battery, the duty cycles of S; and S, are not

considered control signals because, in this mode, d; =0 and
ds=1. Only the duty cycles of S; (d;) and S, (d,) are control
signals. Finally, in this mode, the main control objectives are
extracting the maximum power point from the PV besides
controlling the DC-link voltage. Figures 3(a)-3(c), and 4(a)
demonstrate the converter operation in this mode, and
(3)-(6) represent the averaged state space model of the
converter in the first mode.

di

L1% =-rip + (Vi+Ve)d + (Vi - Vo) (1-4,), )
diL2 .

LZ? = —raiy + Vody, =V (1-4dy),

(4)

v, . -

Cﬁz (ia = i) (dy = dy) =i dy + iy (1 = dy), (5)
av, . Vo

C(,?:lm(l—dﬂ—RfL- ©

2.2. Second Operation Mode (Supplying Load by Discharging
the Battery). This mode assumes that the power generated
from PV and FC cannot supply the load; therefore, battery
power is added to the converter. The battery discharge path
can be established by turning S, on in this mode. By turning
the S; on and off, the battery power can be controlled. As S,
is kept on, the duty cycle of S, (d,=1) is not a control signal,
while the duty cycles of Sy, S,, and S; form the control signals
in this mode. Similarly, the main objectives are extracting the
maximum power from the PV and FC and regulating the
output voltage from the battery. Figures 3(a)-3(d), and 4(b)
illustrate the converter operation in the second mode.
Furthermore, (7)-(10) depict the averaged state space model
of the converter in the second mode.

Ll% =-ri +V, +Ved, + Vid; - Vo(1 _ d1)’ (7)
dip, .
LZT = =1yl + (V2 + VB)d3 +V, (d2 - ds) _ Vc(l _ d2)>
(8)
dV . . . .
CE = —ipdy + (i —ipy) (dy —dy) +i, (1 - dy), (9)
v, | v,
CO? =iy (1-dy) TR
(10)

2.3. Third Operation Mode (Supplying Load by Charging the
Battery). The generation power of PV and FC is more than
the output power, so the battery must be charged in this
mode. The battery can be charged by turning S, off in this
mode. Moreover, by turning S; on and off, the rate of
transmission power in the battery can be controlled. As a
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Fi1GURE 2: The suggested system for controlling the DC motor [5].

result, the duty cycle of S, does not act as a control signal
(d4=0). Similar to the other modes, the main control ob-
jectives are maximizing the power extracted from the PV
and FC, besides regulating the output voltage. This can be
achieved via control signals, the duty cycle of S;, S,, and S;
(d1, da, ds). Figure 3(e)-3(g), 3(c), and 4(c) illustrate the
converter operation during this mode. In addition, (11)-(14)
display the averaged state space model of the converter in the
third mode.

Ll% =—riip +V,+Ved, - Vy(d, —-d;) -V (1-4d,), (11)
dip, .
v q - —1yip, + Vads +(V, = V) (dy —dy) =V (1 - d,),
(12)
v . ‘
CE = —ipd, + (i, —ipy ) (dy —d,) +i, (1= d,),
(13)
dv, v,
Co? 11 (1 dl) —R—L, (14)

3. Dynamic Modeling of the Converter in
Each Mode

Equations (3)-(14) show that the power electronic con-
verter is a nonlinear system as duty cycles are directly
related to state variables, in which duty cycles control
signals. In other words, by using (3)-(14), it is not possible
to achieve a transfer function wherein the transfer function
inputs must be control signals and the output can be state
variables. By linearization at the operating point in
(3)-(14), control signals and state variables can be sepa-
rated, and the equations could be rewritten in a standard
form. In this method, state variables, duty cycles, and
inputs are divided into two components: DC values
(X,V,D) and perturbation (X,7,d):

x=X+xv=V+vd=D+d. (15)

By assuming that perturbation is small and does not
significantly ~vary during the switching period
(x< X, v<V,d<D), by substituting (15) into (3)-(14)
and excluding the second terms, small-signal models can be
represented via the following matrices:
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where X, 1, and ¥ are, respectively, the state variables vector,
control variables vector, and output system. Therefore, the
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matrices of the small-signal models for the first, second, and
third operation modes are obtained in (18)-(23).

3.1. First Operation Mode

(Vo + Ve ]
Ll
0 V,+V¢
L2
+
T I
C C
I
L ¢, ]
Vo + Ve 0 Vs
Ll Ll
V,+V. Vg
L2 L2
T I,
C C
_TA 0 0
L ¢,

d,
) ] (18)
d,

(19)
d,
3 | (20)
d

(21)



3.3. Third Operation Mode
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4. Open-Loop Analysis and Pairing the Input-
Output Set

According to (24), the state space model can be turned into a
transfer function. Further, (24) can determine the size of the
transfer function matrix. In the first mode, we have [A],.,
[Blaxas [Claxa; therefore, the transfer function is [G]ixa.
Similarly, in the second and third modes, the transfer
function is [G]sxs:

G=C(sI- A 'B+D. (24)

Since the transfer function is a square matrix in each
mode, the power electronic converter is a multivariable

MR

Y1
Y2

9gu 92
921 922

U, Uy
Y1=9guth + g, — =0y, = gpuy Y, = guth + gty — =0y, = gy 1.

In the multivariable system, when the system is 2x2, the
input [u]T=1[10]is given to the system, and in this state, the
second output value is affected by coupling. Figure 5 shows
the open loop performance of the system in the first mode.
When the input is [u]"=[1 0], the value of Y; is approxi-
mately 70, whereas the value of Y, reaches 1500 even though
the second input is zero. As expected, the system has a strong
coupling. Similarly, Figures 6 and 7 depict the open loop
behavior of the system in the second and third modes, re-
spectively, with strong coupling.

As the first step in a multivariable control system, we need
to pair a suitable input-output set. Nowadays, in multivariable
control, this is performed via a relative gain array (RGA)
matrix. The RGA matrix can be achieved as follows:

International Transactions on Electrical Energy Systems

(Vo +Ve-Vyg 0 Vi
L, L,
0 Vy+ V-V Vg a,
LZ LZ
+ d, | (22)
TLI TLZ 3
i L2 0
C C d;
_TA 0 0
L CO -
(23)

system, as expected. Due to the squareness of the matrix, the
system does not have the problems of a nonsquare system.
The most significant problem of the multivariable system is
system coupling, i.e., the output gains a value even with zero
inputs. Equation (25) describes the system in the first mode,
where the system has two outputs: Y; and Y, are I;; and Vo,
respectively; I, must be controlled to extract the maximum
power of PV, and Vg must be controlled to control the DC
motor. According to (25), if u, becomes zero, Y, will not be
zero and retains a significant value (y, = g,,u;); this phe-
nomenon in the second output is called coupling. In other
words, coupling in the output stage does not allow the
system to be controlled independently.

(25)

(26)

A(G(jw)) = G(jw). * G(jw) . (27)

In the first mode, the system has two outputs and two
control signals; consequently, we have two options: for
controling the outputs. If pairing is carried out via the RGA
matrix, control system difficulties will be improved.

The RGA matrix in the first operation mode:

According to the RGA matrix in (28), it is clear that by
closing the second loop, the gain between Y; and u; declines
because RGA (1, 2) is negative. If the first loop is closed, the
gain between Y, and u, declines since RGA (2, 1) is negative.

4.04 -3.04

(28)
-3.04 7.04

RGA:G.*GT:[
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As a result, the system has strong coupling. Moreover, in the
open loop analysis, the strong coupling of the system was
detected. Since diagonal elements are positive and more than
nondiagonal elements in the RGA matrix above, it can be
concluded that the first control signal (u;) has the greatest
impact on the first output (Y;); further, the second control
signal (u,) has the strongest effect on the second output (Y3).
As such, the best option for pairing in the first mode is
U — Nl —Y

The output must be controlled with positive elements in
the RGA matrix. If nondiagonal elements are more than
diagonal elements in the RGA matrix above, despite u,
having the strongest effect on Y, due to being negative, Y;
must be controlled with u;. Because being negative causes a
180° phase difference, it increases system instability. Gen-
erally, positiveness is prioritized in the RGA matrix method.

The RGA matrices in the second and third operation
modes are as follows:

2.18 -1.56 0.38 1.83 -1.21 0.37

RGA = -0.0008 1.78 -0.78 |,RGA =|-0.0006 1.72 -0.72 |.
-1.18 0.79 149 -0.83 0.48 1.35

(29)

Similarly, the best options for pairing in the second and
third modes are u; — y,u, — y,u; — y;

5. Closed-Loop Configuration and Performance

Based on the open loop analysis section, the extreme
coupling may mean that system outputs are not inde-
pendently controllable. In the decentralized control
method (a famous multivariable control technique), the
compensator matrix must be chosen such that the system
has diagonal dominance. In other words, non-diagonal
elements should not affect the system. Nowadays, in
multivariable control, the compensator matrix is chosen
such that the system maintains diagonal dominance in the
steady state. Selecting CP as a compensator matrix de-
pends on the system and control objectives. Many com-
pensators have been proposed for multivariable
controllers in the multivariable control theory, but in this

study, as the steady state of the power electronic converter
is important, the compensator matrix (CP) is chosen as
follows:

CP =[G(0)]™". (30)

If (30) is used as a compensator matrix, the system
becomes decoupled in the steady state, as CP is positioned
before the system. However, if the system is to feature di-
agonal dominance in a varying frequency range, CP can be
chosen as follows:

CP = jw,[G(jw,)] ™ (31)

Equations (30)-(31) are completely static, which reduces
the cost of the control system, although the CP can be
designed dynamically. Still, in this case, besides the control
system cost, the control system becomes further complex. If
a simple static matrix can provide suitable performance, it is
not necessary to use a complex CP. Accordingly, (30) is used
to create diagonal dominance in the steady state. The PI
coefficients must be chosen such that the closed-loop system
is stable and able to track reference inputs. Figure 8 illus-
trates the closed-loop configuration of the first mode, and
Figure 9 depicts the closed-loop configuration in the second
and third modes.

Open-loop analysis indicated that system coupling does
not allow the outputs to be controlled independently. The
compensator matrix (CP) is chosen from (30) to decouple
the system in the steady state, and the PI controller is added
to the system to track reference inputs. According to Fig-
ures 8 and 9, the chief advantage of this config-
uration—besides low cost—is that, with a simple static
matrix and a diagonal PI controller, the control system can
properly control a complex system too. Using MATLAB
software, the system was simulated and the performance of
the closed loop was acquired in each mode.

Figure 10 demonstrates the system step response,
showing that the system is decoupled in the steady state, and
the outputs are controlled independently when [u]” =[1 0],
where y, remains zero. Moreover, y; also reaches the ex-
pected value. In the second moment, u; varies while u,
remains zero, and y; can reach the expected value.
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In the open-loop analysis, although u,=0, y, has a
significant value. This control method solves all the problems
of the multivariable control system; therefore, system cou-
pling is properly controlled and reference inputs’ tracking is
performed in line with the proposed configuration. A
decentralized control technique provides the desired output
and performance, despite the complexity of the transfer
function. Figures 11 and 12 show the closed-loop perfor-
mance for the second and third modes, respectively.

6. Comparison

Numerous DC-DC converters were cited in the references.
The decoupling network and pole placement control theory
have been employed to control DC-DC converters. The
decoupling control technique cannot be applied to all DC-DC
converters because, based on (2), there is a possibility that the
decoupling network becomes noncausal. According to the
pole placement control theory, all state variables must be fed
back via sensors. This technique implements numerous
sensors, which raises the control system costs while reducing
system reliability. Only these control methods have been
employed to control the MIMO or MISO converters;
therefore, a superior multivariable control technique needs to
be proposed and utilized. Reference [15] scrutinized different
multivariable control techniques. Thus, this paper employs
the decentralized control technique as a well-known multi-
variable method [16, 17] to control the DC-DC converter,
wherein the required state variables must be fed back and,
thus, fewer sensors are required. Tables 1-3 compare the
decentralized control method with other techniques.

7. Simulation Results

Three operation modes are simulated with MATLAB/
SIMULINK. This hybrid multiinput DC/DC converter must
be able to control the DC motor as a load. The key parameter

of the simulation is that the DC motor must be able to
operate in a constant power region in all three operation
modes. If the torque changes, speed must be regulated such
that the maximum power points are not affected. A series
DC motor is used in three operation modes. In a series DC
motor: Ty = K.i,’; therefore, it requires torque that can be
provided with a lower current in comparison to the other
DC motor. Moreover, this lower current reduces converter
conductivity losses. For simplicity, the DC machine constant
K=1 is assumed in all three operation modes. Figure 13
shows the general scheme of the proposed system to drive a
DC motor. Tables 4 and 5 present the simulation parameters.

7.1. First Mode. In the proposed system, the power gener-
ated by PV and FC and the required DC motor torque are
system inputs. Figure 14 illustrates system inputs in the first
operation mode, where the maximum powers of PV and FC
are 400 W and 600 W, respectively. Figure 14(a) shows the
PV characteristic and Figure 14(b) shows the FC charac-
teristic. The required torque is 5.5 N-m as demonstrated in
Figure 14(c); however, in the second moment, torque is
altered to 90.5N-m. As the power generation of PV and FC
remains constant, according to P = T.w, if torque is altered,
speed must be regulated. This step change in torque should
not affect the maximum power point tracking. Altering the
torque is required for speed control. In this operation mode,
the control objectives were maximizing the power generated
by PV and regulating the output voltage. Due to the con-
ventional buck-boost converter at the inlet of the PV, direct
PV control is impossible. According to Ipy =d,. I1,, the I},
can be controlled such that the maximum power point
tracking is achieved from PV. The RGA matrix showed that
the first and the second outputs must be controlled with the
first and the second control signals, respectively
(I, — d,, Vo — d,). Figure 14 shows the maximum
power point of PV isin 60 V. At close to 19 A or 31V, the FC
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TaBLE 1: Superiority of the proposed control method compared to the pole placement technique.
The used control  The sensors needed when the pole placement method The sensors needed if the proposed control is
References A -
method is utilized utilized
[18] Pole placement 6 2
[19] Pole placement 5 2
[2] Pole placement 8 5
[20] Pole placement 11 4
TaBLE 2: Superiority of the proposed control method compared to the decoupling network technique.
References The used control The requirements of the decoupling network control The requirements of the proposed control
method method
1] Decoupling
network
[21] Decoupling
network Needing a nondiagonal extra decoupling network,  Needing a diagonal PI controller, existence of
[22] Decoupling existence of an intricate controller a simple compensator
network
Decoupling
[23] network
TaBLE 3: Advantages of the proposed control in extendable multiinput DC-DC converters.
References The converter with extendibility = The sensors needed if the pole placement The sensors needed if the proposed
features (stages) control method is utilized control method is utilized
[19] N IN+1 N+1
[20] N IN+3 N
[2] N N+4 N+1
(24] N N+3 N
[25] N IN+2 N
PP\'""L’
Prc™= Determination
max Mode
P
T, —»
d1 Sl ——
i >
P max = 4 Hybrid
v * Decentralized PWM 52 > DC-DC be
P, max Reference = Controller a3 S3 Converter Motor
Kc—P] Calculation »
Vi d4 S4 —
T, —pf
FIGURE 13: General scheme of the proposed system.
TaBLE 4: Converter simulation parameter. TaBLE 5: DC motor parameter.
Symbols Parameter Symbol Parameter
r=r 0.1Q Ra 1Q
L,=L, 1.5mH La 0.5mH
C 40 uF Ls 0.5mH
Cout 80 uF ] 0.01 kg/m’
f. 25kHz K 1

power is maximized. Figure 15 indicates that the control
signals (duty cycles) have been altered to meet the control
objectives; thus, the control system operates accurately
because the maximum power of the sources is tracked while
supplying the required torque. Figure 15(a) shows the duty
cycle of Sy, and Figure 15(b) displays the duty cycle of S,.

According to Figure 16, despite the step change of torque in
the second moment, maximum power point tracking is
achieved. Figure 17(a) implies that Irc (I1;) remains 19 A
despite the step change in torque; hence, the maximum
power of FC is achieved. Moreover, due to operating in a
constant power region, Vo in Figure 17(c) is reduced to
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FIGURE 17: DC-DC converter specifications. (a) Current of FC, (b) current of iL2, (c) output voltage, and (d) current of battery.
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provide the required torque. In addition, Ipy = d,.I1;, and due
to the maximum power point tracking, Ipy must be constant
during this mode. However, I1 , is controlled by d;, but if d,
increases, then I, must decrease. It can be claimed that the
control system functions properly, as shown in Figure 15(b)
and 17(b). Furthermore, the battery is bypassed in this mode;
consequently, the current of the battery must be zero, as
shown in Figure 17(d). Finally, Figure 18(b) depicts the
speed of the series DC motor. In the second moment, torque
is changed. As the power generated by the source remains
constant, and considering the basic equation P=T.w, the
speed must be altered or regulated. When T; = 5.5 N-m, the
required current is 2.3 A because K =1. Figure 18(a) shows
that the armature current has increased to around 9.5 A.
Therefore, the required torque of the DC motor is supplied.
As explained in Section 2, the importance of source selection
is confirmed here. Figure 14(a) indicates the maximum
power of 400 W occurring at a voltage of 60 V. Therefore, the
maximum current is 6.6 A in PV. On the other hand, the
required torque at the second moment is 90.5N-m. In the
series of DC motors: T; = K.i,2> —X =1T, =i For a
torque of 90.5N-m, a current of 9.5 A is needed, which is
impossible for PV to provide. This is why FC and PV have
been chosen as V; and V, sources, respectively.

7.2. Second Mode. Figure 19(a) and 19(b) show that PV and
FC have similar characteristics to the previous mode. Only
a battery is added to the system to increase the output
power. As such, this mode can be classified as an accel-
eration region in the DC motor, i.e., if the PV and FC
cannot generate enough power, the battery will be added to
the system. According to Figure 19(c), the power of the
battery is assumed to be 500 W. Hence, the total power
generated by sources is 1.5kW, which must supply the
output power and the converter losses. Further, in
Figure 19(c), the torque is changed in the second moment;
however, in contrast with the previous mode, here the
torque is reduced in the second moment. The torque has
been chosen in a completely arbitrary manner. In this
mode, control objectives include extracting the maximum
power from sources and adding a battery to the system to
regulate the output voltage. By controlling I;; and Iy, it is
possible to maximize the power of the FC and PV, re-
spectively. In the same way, the output voltage can be
controlled through the output capacitor. The RGA matrix
showed that I, I1, and VJ, respectively, with d;, d,, and
ds; must be controlled (I;;, — d,, I}, — d,, Vo — d;).
Similar to the first operation mode, Figure 20 indicates that
the control signal is accordingly changed to extract the
maximum power from sources and provide the required
torque. Figures 20(a)-20(c) show the duty cycle of Sy, S,,
and S, respectively. Figure 21 implies that in the second
moment, maximum power point tracking from the sources
is achieved despite the step-changing of the torque. An-
other cause of the maximized power point tracking in the
FC is that I1; (Igc) remained close to 19 A (Figure 22(a)).
Moreover, when I, increases (Figure 22(b)), d, decreases
(Figure 20(b)), indicating that according to Ipy = d,.I1,, the
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Ipy remains constant, and the torque step-changing does
not affect the maximum power point tracking in PV.
Additionally, Figure 21 clearly shows that the maximum
power point is tracked. Due to operating in a constant
power region, Vg increases (Figure 22(c)) to provide the
required current or torque. In Figure 22(d), the current of
the battery is negative, meaning that the battery is dis-
charged, and power runs from the battery to the load. The
current and speed of the series DC motor is depicted in
Figure 23. Figures 23(a) and 23(b) show the armature
current and speed of the DC motor, respectively. In this
circumstance, like the first operation mode, the positions of
PV and FC are of key importance. Until the second mo-
ment, torque is 87.5 N-m and as K =1, the series DC motor
requires a current of 9.5 A; nevertheless, the PV cannot
provide it. Therefore, the first source must be FC, while the
second source must be PV. Although this positioning
means that PV has a discontinuous current, using I, to
control PV solves this problem.

7.3. Third Mode. In this operation mode, PV power gen-
eration rises, and the surplus energy is stored in the
battery. Therefore, in this mode, the battery current is
positive. Figure 24 shows the system inputs in the third
mode, where the maximum powers of PV (Figure 24(a))
and FC (Figure 24(b)) are 1.2 kW and 600 W, respectively,
with corresponding voltages of 90V in PV, and 31V or
19 A in FC. Figure 24(c) depicts the required torque and
nominal power of the battery in this mode. The duty cycles
are demonstrated in Figure 24. Figure 25(a), (b), (c) show
the duty cycle of Sy, S,, and S, in that order. Figure 26
shows that the maximum power point is tracked despite
the step-changing of the torque; Figure 27 depicts that the
maximum power point is tracked in the FC due to the
stability of Ir; (Figure 27(a)); and as shown in Figure 28,
the DC motor is controlled properly at variable speeds
(Figure 28(b)) without affecting the maximum powers of
PV and FC. Figure 27(c) confirms that the output voltage is
decreased to provide the needed torque. Furthermore, the
positive current of the battery in Figure 27(d) reveals that
the battery is charging. Moreover, I, decreases
(Figure 27(b)) when d, rises (Figure 25(b)), suggesting that
PV reaches the maximum power and the control system
performs well. Finally, Figure 28(a) shows the DC motor
current. Similar to the other modes, all control objectives
are achieved.

8. Experimental Results

To verify the effectiveness of the converter, a high-power
laboratory prototype was built in the 800 W range, as shown
in Figure 29. Two sources were used in this hardware setup.
Because of the low output voltage of the FC in comparison
with PV, V; was set to 60V and V, was set to 180 V. The
voltage and current of sources are depicted in Figures 30. In
Figure 31, the measured output voltage and current are,
respectively, 370 V and 2.16 A. In addition, the voltage of the
second capacitor is displayed in Figure 31. Figure 32 shows
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FIGURE 18: Series DC motor specifications. (a) Armature Current and (b) speed of DC motor (rpm).

400 1
45°C : >00
2 = 0.6kw)[ 400
s : )
5 200 S 05 ) — 300 .
z S (0.5kW) 200 . 88 *; S .
~ < 4 14 |=
100 8 8 8
0 0 |
0 20 40 60 0 10 20 0 2 4
Voltage (V) Current (A) Time (s)
—— TL (N.m)
—— Pbattery (W)

(a) (®) (c)
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FIGURE 21: Vpy and Vgc in the second operation mode.

the voltage of switches and diodes. Figure 33 shows the  that when the load varies, the output voltage is regulated to

dynamic response of the suggested converter. Figures 33(a)  extract the maximum power from the sources. This function
and 33(b) confirm the result of the simulation, which means enables the extraction of the set power.
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9. Conclusion

Multiinput DC-DC converters will be more common in the
future with the increasing application of renewable energies
such as PV and FC. Hence, it is vital to control such con-
verters with proper control techniques. Moreover, con-
trolling the DC motor is essential in practical applications. In
this paper, a three-input DC-DC converter with PV, FC, and
a battery as inputs controlled a DC motor. The combination
of renewable energy sources made the system operate with
high reliability and without any pollution. A decentralized
control method was proposed, which is a well-known
multivariable control technique. This control system did not
need a decoupling network. Furthermore, there was no need
for feedback from all state variables, which reduced the
number of sensors. This reduction in the number of sensors
led to a simple implementation and an inexpensive con-
troller. A high number of sensors in converters utilizing the
voltage boosting technique is crucial because the number of
elements is increased. The use of the pole placement control
technique, which imposes many sensors, is not logical. In
contrast, due to the small number of sensors, the decen-
tralized control technique can be helpful for such converters,
which has been discussed in detail in this paper.
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