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PAPERS

Predictive control strategy on an ultra-high gain DC/DC
converter suitable for photovoltaic energy conversion system

Hamed Javaheri Fard, Seyed Mohammad Sadeghzadeh1

This paper presents a control scheme based on the predictive control strategy on an ultra-high gain DC/DC converter with 
two-phase interleaved structure. the proposed converter consists of coupled inductors and a voltage multiplier cell to increase 
the voltage gain. due to the variations in the input voltage and the load in the photovoltaic system, tracking the input voltage 
from its reference value and also dividing the current evenly in the interleaved structure are considered as important control 
objectives. the proposed predictive control scheme is employed to the proposed converter using two internal and external 
control loops and the use of a second-order luenberger observer. finally, the effectiveness and the desired performance of the 
proposed predictive control scheme is verified by presenting the simulation results as the real-time validation by MATLAB 
and ATMEGA16A-PU.
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1 Introduction

Renewable energy sources, including photovoltaic en-
ergy, have received much attention in today’s world and
have become an important alternative to other energy
sources that cause environmental pollution, as well as to
the shortage of traditional energy sources [1]. In renew-
able energy conversion systems, the presence of DC/DC
converters with high voltage gain is essential. They are
used to convert low voltage output of the solar module to
high voltage [2]. Since conventional boost converters have
limited voltage gain due to the extreme duty cycle, which
itself has destructive effects such as reduced efficiency,
increased conduction losses and reverse recovery losses,
the need for other improved structures in renewable ap-
plications is absolutely essential. Of course, it is pointed
out that conventional boost converters have advantages
such as simple structure, low number of elements and low
manufacturing cost [3].

In recent years, various control techniques and meth-
ods have been studied and used for DC/DC convert-
ers. These control techniques can be designed and im-
plemented for a variety of boost structures. For example
in [4], the adaptive control technique is used to control
the current of a high step-up DC/DC converter. Although
in this technique are well compensated the changes of the
parameters, the use of two adaptive laws has increased
the volume of calculations.

In [5], the sliding mode control is used to control the
converter. Although the controller design is simple, the
high frequency oscillation in the control input signal isnt
well absorbed. In [6], the fuzzy method is used to track the
voltage of a conventional DC/DC boost converter. The

volume of mathematical calculations has increased in the
control scheme due to the integration with the designed
neural network in order to robust tracking operation. In
[7], fuzzy control is applied to a step-up LCL resonance
converter. Using this technique, steady state stability is
carefully done. In [8], a study carried out about the virtual
direct power control method of dual active bridge DC/DC
converters for fast dynamic response.

In this paper, in comparison with the studies described
above, in addition to using an advanced control strat-
egy called predictive control (MPC), an ultra-high gain
DC/DC converter is also used. Therefore, both the pro-
posed converter structure and the proposed design of the
control technique have advantages over previous studies,
which will be mentioned in their special section.

2 Proposed converter under study

The proposed DC/DC converter is made of two- phase
interleaved topology. Interleaved converters have less rip-
ple than conventional boost converters such as cascades
due to the division of current in their parallel legs. Inter-
leaved DC/DC converters, unlike conventional converters
with boost structure, can work in duty cycles larger than
0.5 and provide high voltage gain without any dependence
on the duty cycle of converter. The proposed converter
consists of two coupled inductor on the input stage and
a voltage multiplier circuit on the output stage. The pri-
mary windings of the coupled inductors are in parallel
in order to reduce the input current ripple and the sec-
ondary windings are in series to increase and boost the
voltage gain.
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Fig. 1. Circuit schematic of proposed DC/DC converter

Voltage multiplier circuits are also made of capacitive
and diode elements, here namely, C2−C3−D3−D4. The
circuit topology of the proposed converter is depicted in
Fig. 1 with the equivalent of the coupled inductors in the
form of an ideal transformer, magnetic inductance Lm

and leakage inductance Lk. Their turns ratios are the
same and

N =
Na1

Na0

=
Nb1

Nb0

. (1)

Table 1. Comparison of the proposed converter with other inter-
leaved DC-DC converters

Attributes (9) (10) Proposed

voltage gain
2N + 2

1− d

3N + 1

1− d

2N + 4

1− d

no of components 16 12 11

input current ripple moderate moderate low

Some of the features of the proposed converter in com-
parison with other DC-DC converters of the same class
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Fig. 2. Three important operating modes of proposed converter
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are shown in Tab. 1. It is quite clear that the proposed
converter is superior to other similar converters in terms
of the main characteristics, namely high voltage gain,
number of circuit elements and input current ripple.

2.1 State space mathematical model

If it is assumed that the proposed converter operates
with an inductor current greater than zero in continuous
conduction mode (CCM) and the duty cycle is greater
than 0.5, then the converter will have eight operating
modes in a switching period. The proposed converter will
be modeled based on state space equations. From the
eight operating modes, the shorter time intervals are elim-
inated, and based on the power switches (S1 & S2) on and
off in the converter switching condition, three important
operating modes are finally obtained, the equivalent cir-
cuit of which is given in Fig. 2. The following conditions
must be considered before using modeling with the aid of
average of state space equations: power switches and all
diodes are ideal; the equivalent series resistance (ESR) of
the coupled inductors and all of capacitors are avoided;
the converter operates in steady state and leakage induc-
tances are ignored; the input voltage is a constant num-
ber. If the equation of state space is defined as follows,

ẋ = Ax +Bu

y = Cx
. (2)

Then the state variables, which include the current of
both coupled inductor and the voltage of all capacitors in
the proposed converter circuit, are shown in accordance
with the following matrix

x = [iLm1, iLm2, vc1, vc2, vc3, vco]
⊤. (3)

In (2), the input and output parameters are

u = [Vi]

y = [Vo] ⇔ Vo = vco
. (4)

Looking at the equivalent circuit in the three operating
modes in Fig. 2(a)-(c), respectively, the state space equa-
tions are written using Kirchhoff’s voltage and current
laws according as

diLm1

dt
=

V

Lm1

,
diLm2

dt
=

Vi

Lm2

, (5)

diLm1

dt
= −

vc1

Lm1

+
Vi

Lm1

,
diLm2

dt
=

Vi

Lm2

,

dvc1
dt

= −
iLm1

C1

,
dvc2
dt

= −
N

C2

iLm1,

dvc3
dt

=
N

C3iLm1

,

(6)

diLm1

dt
=

Vi

Lm1

,

diLm2

dt
=

vc1

Lm2

−
vc2

Lm2

+
Vi

L2

,

dvc1
dt

=
iLm1

C1

,
dvc2
dt

=
iLm1

C2

(N − 1)

dvc3
dt

=
N

C3

,
dvc0
dt

=
NiLm1

C3C0

−
vc0

RC0

.

(7)

Considering (5)-(7) and the coefficient (1− d) , where

d is duty cycle of converter, state and output matrices
are obtained by averaged method

A =
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B =

[

1

Lm1

1
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0 0 0 0

]⊤

C = [ 0 0 0 0 0 1. ]

3 Proposed predictive controller

A notable advantage of the model predictive control,
described in [11-13], over other classical controllers is

the online optimization with consideration of the physi-

cal constraints governing the system. The predictive con-
troller, unlike the classical controllers, is acquired from

state space model of converter in a discrete form. This

model is found in the form of continuous time with inte-
gration (2) and nonlinear term. Then, after discretizing

it by the forward Euler method, the following expression

will be obtained;

x(k + 1) = (IM + Λ1Ts + Λ2Ts)x(k) + ΥTsu(k), (8)

where

Λ1 = DA , Λ2 = SA , Υ = DB. (9)

In (8), IM and Ts are the identity matrix and the sam-

pling time, respectively. In (9), D is variables in the form

of binary numbers 0 and 1 that model the performance
of the diodes. Power switches in (8) are also modeled by

binary variables 0 and 1 with S in (9). Also, the output

equation is obtained as

y(k) = Cx(k). (10)
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Fig. 3. Block diagram of the proposed predictive controller

3.1 Voltage control by controller external loop

Considering the issue of voltage regulation, an observer

block and a power balance term have been used inside the

outer loop. Economically and sustainably, the system has

used a second-order Luenberger observer to estimate the

load current (Io) instead of measuring it. The observer to

estimate the load current is

⌢
xυ(k + 1) = N

⌢
xυ(k) + O + P

⌢
yυ(k)

⌢
yυ(k) = Q

⌢
xυ(k)

. (11)

In (11), observed state vector is x̂υ(k) =
[⌢

I0,
⌢

V0

]⊤

.

Also, in (11)
⌢
yυ(k) = V0 −

⌢

V0 and P = [p1, p2]
⊤ which is

a constant coefficient of observer and

N =

[

1 0

−
Ts

C0

1

]

O =
(1 − S)TsD

C0

[

0 0
iLm2 iLm2

]

Q =

[

0 0 0 0 0 −
1

RC0

]

.

In the external loop of the controller, the power balance

must be applied in the proposed converter to extract the

input reference current. Therefore

Pi = P0 ⇒ iLref
=

V0ref

⌢

I0

Vi

. (12)

3.2 Current control by controller internal loop

In the internal loop of the proposed controller, after
discretizing the current and comparing it with its refer-
ence value along with the applied constraints, an opti-
mization is performed by a cost function (CF). In fact,
control objectives are defined as a cost function that is
minimized for greater flexibility. This minimization car-
ried out with the aim of achieving the optimal switching
sequence of the switches. If the switching sequence is,

S′(k) =
[

S(k) + S(k + 1), . . . , S(k + n− 1)
]⊤

.

Then, the optimal switching sequence is as follows

S′′(k) = ArgMin CF(k), (13)

where

CF(k) =

k+n−1
∑

j=k

(

‖iLm(j)−iLref
(j)‖+WF‖S(j)−S(j−1)‖

)

.

(14)

Here WF is weighting factor which is a member of
R+ . According to the receding horizon (n) principle, de-
scribed in [12], only the first calculated value related to
the sequence is applied to the switches and all previous
calculations will be repeated at the next time. The pro-
posed predictive control scheme is shown in Fig. 3.

4 Real-time validation

The steps for power output changes are as follows: the
reference power is 100 W during the initial time intervals,
ie from 0.1 to 0.3 s. Just at the moment of 0.3 s, when
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Fig. 4. The simulation results in the case of load changes: (a) – step changes in the output power, (b) – output voltage by PI and MPC
controller, (c) – inductor current by MPC controller, (d) – inductor current by PI controller, (e) – inductor current sharing by MPC

controller

the second time period starts from 0.3 to 0.5 s, the second
power step reaches 300W with a threefold increase, which
is also the rated power of the converter, and it is applied
to the system. After the second period has elapsed, the
power step change returns to the initial value of 100 W
exactly at the moment of 0.5 s and will continue until the
end of the period. The step change behavior of the output
power, which is used as a reference to express the behav-
ior of system parameters due to load change, is illustrated
in Fig. 4 (a). According to the load changes, the output
voltage behavior, which is one of the control objectives
in the proposed predictive controller applied to the con-
verter, is analyzed. It can be deduced from Fig. 4 (b) that
the output voltage exhibits a short transient response due
to load changes by the proposed predictive controller as
well as the PI controller. The reversal from the transient
state in the PI controller is with an overshoot of 10 V, and
in this state the controller rests in the steady state again
at the reference value of 300 V. Recovery time during
this period is 50 ms. But the reversal from the transient
state in the proposed predictive controller is 2.5 V with
an overshoot, and the transient state will quickly return
to its steady state after a recovery time of 9.5 ms and

tracks the reference voltage. It is worth mentioning that
in the proposed predictive controller, voltage fluctuations
are very low, unlike the PI controller. In Fig. 4 (c) and
Fig. 4 (d), the input current behavior to the inductors,
observed by both controllers, is evaluated. In Fig. 4 (c),
the proposed predictive control was able to control the
current with complete accuracy and well. This current
tracks its reference value continuously and with a very
low percentage of ripples in different time intervals in pro-
portion to the step changes the output power. In Fig. 4
(d), as can be seen, when the current is controlled by the
PI controller, although it responds well to changes in out-
put power, it tracks the reference value completely with
a lot of ripple, due to its dependence on control gains
and parameter tuning that is one of the biggest draw-
backs of classical controllers. At last, in Fig. 4 (e), as can
be seen, the share of both currents is well maintained by
the proposed predictive controller, and both currents are
tracking the reference value with very little ripple.

In the second case, the effect of input voltage changes
on output voltage and inductor current is analyzed. The
stability of the system in the event of input changes de-
pends on the precise design of the controller and consider-
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Fig. 5. The simulation results in the case of input voltage changes

ation of the constraints imposed on that system. Similar
to the previous case, a series of step changes are applied
this time to the input voltage to the system. As shown
in Fig. 5 (a), the input voltage changes as follows: at
a time interval of 0.1 to 0.3 s, a constant voltage of 20
V is applied, continuously. At exactly 0.3 s, the input
voltage starts to decrease and reaches 10 V. This volt-
age continues until 0.5 s and at the same moment, the
voltage reaches its maximum value of 20 V again with
a step increase. According to the input voltage changes,
the output voltage behavior is analyzed. It can be seen
from Fig. 5 (b) that the output voltage exhibits a short
transient response due to step changes by the proposed
predictive controller as well as the PI controller. The re-
versal from the transient state in the PI controller is with
an overshoot of 5 V, and in this state the controller rests
in the steady state again at the reference value of 300 V.
Recovery time during this period is 46 ms. But the re-
versal from the transient state in the proposed predictive
controller is 1.2 V with an overshoot, and the transient
state will quickly return to its steady state after a re-

covery time of 12 ms and tracks the reference voltage.
In Fig. 5 (c) and Fig. 4 (d), the input current behavior

to the inductors, observed by both controllers, is eval-
uated. In Fig. 5 (c), the proposed predictive controller
accurately controls the current and tracks the reference,
indicating its capability. This current has very low rip-
ples. In Fig. 5 (d) the current has more ripple value than
the proposed controller. At last, in Fig. 5 (e), as can be
seen, the share of both currents is well maintained by
the proposed predictive controller, and both currents are
tracking the reference value with very little ripple.

In both cases, the above simulations and their deriva-
tive results showed that in fact, using a predictive control
strategy based on an explicit model, the control opera-
tion of the converter is accurate and well and free of any
dynamic consequences.

5 Conclusions

A new structure from a DC/DC converter was stud-
ied, which is characterized by its ultra-high voltage gain
compared to other boost converters of the same class.
This converter uses the interleaved structure and coupled
inductors topology to reduce the current ripple and of
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course increase the voltage gain. Also, the main purpose
of this paper was to apply an advanced control strat-
egy called MPC on the proposed converter. In order to
be effective and show the ability of the proposed predic-
tive controller to control the converter parameters, it was
compared with a classical PI controller. The real-time val-
idation was analyzed in terms of load change and input
voltage change, which is one of the main limitations of
a renewable energy conversion system. It was found that
the performance of the proposed predictive controller is
much more desirable than the PI controller. Using the
proposed predictive controller in two cases will completely
track the voltage and current of its reference value. In
the proposed predictive controller, the presence of volt-
age with the lowest overshoot and current with low ripple
compared to the classic controller shows the robustness
and effectiveness of the proposed control scheme.
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