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Abstract- The application of power electronic converters in the renewable energy systems significantly increases their
efficiencies by maintaining the operation of these systems at the optimal operating points, therefore, absorbing the maximum
available power from the renewable sources all the time. In this paper, the small-signal models of the open-loop, current-mode
controlled boost converter are derived. In addition, both the Current Mode Control (CMC) and the Linear Quadratic Regulator
(LQR) methods are combined to design a controller that forces the input current of the converter to follow accurately a
reference current, which could be generated using maximum power point tracking (MPPT) algorithms. The controller
performance is tested under transient conditions and with disturbance signals using MATLAB/Simulink simulation package.
The simulation results indicate that both a good response and disturbance rejection are achieved in tested conditions.
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1. Introduction

Renewable energy sources have gained extensive interest
in the newly published research papers during the recent
years. This is significantly due to a large extent, to
conventional sources having harmful impacts on the
environment. They are also expected to deplete in the near
future. On the contrary, sustainable sources are found to be
clean, pollution-free, inexhaustible and secure [1]. However,
these environmentally friendly sources are instantaneously
varying and the power that can be extracted is changeable.
Therefore, a controller has to be included in the renewable
energy systems to maintain producing the maximum power
of these sources at all times.

In the renewable energy conversion systems, the optimal
operating points, at which the system produces the maximum
power, are constantly varying; due the intermittent nature of
the environmental conditions, such as: the wind speed in the

wind energy conversion system, and the temperature and the
irradiance in the photovoltaic system. Similarly, depending
on the application, load characteristics may also greatly vary.
Consequently, there is a need to a converter circuit that
effectively matches source and load impedances
dynamically, in order to extract maximum power at any
given instant [2-3].

Matching the source and the load impedances could be
achieved by adjusting the duty-cycle of the converter that
interfaces them. To determine the optimal duty cycle, there
are many available algorithms, referred to as maximum
power point tracking (MPPT) algorithms. The many different
techniques for MPPT of photovoltaic and wind energy
conversion systems have been reviewed and discussed
deeply in [1, 4-5]. Examples of the available MPPT
algorithms are: perturbation of any of converter variables,
namely: the input current [6], the input voltage [7], or the
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duty-cycle [8-10], and monitors the resulted change in the
input power of the converter.

Current-mode control (CMC) is one of the feedback
control techniques used for the power electronic converters
by which the switch is controlled to be opened at the peaks
of the inductor current and closed at a programmed level of
the current. It consists of two distinctive loops; namely the
inner loop and the outer loop. The inner loop combines all
the state variables of the converter multiplied by different
gains, whereas the outer loop can be modified according to
the variable that needs to be controlled. There are many
methods used to apply current mode control, such as peak-
current mode control (PCMC) [11], average current mode
control [12] and sensorless current mode control [13]. Some
of the advantages of the CMC are the automatic input line
feed-forward, and the inherent cycle-by-cycle overload
protection.

Classical feedback control techniques are usually used
for controlling boost DC-DC converters. However, there
have been several attempts to control DC-DC converters
using the linear quadratic regulator (LQR) technique that
guarantees obtaining the desired optimal performance [14].
In addition, it does not depend on the system order, and is
intrinsically stable. Many researchers in the past few years
used the LQR method to control their systems. Nonetheless,
almost all of them focused on regulating the output voltage.
Studies [15-20] apply the LQR technique with integral
actions to different DC-DC converters systems. The
simulation and experimental results of these studies show
very good performance of the systems under transient
conditions and with disturbances. The weights in the
controlling matrices Q and R of the LQR are user defined.
However, they are achieved by genetic algorithm in [21-22] .

This paper aims to design a controller on the basis of the
CMC and LQR. The outer loop of the CMC is modified to
include the feedback gains of the LQR. The desired objective
of the controller is to force the inductor current of the boost
converter to follow accurately a given reference current;
which in fact could be the output of the MPPT algorithms.

In the subsequent sections, the modeling of the converter
is described and the model is then augmented to include the
LQR feedback gains. Following this, the simulation results
are shown and discussed and finally, a conclusion is drawn.

2. Boost Converter Modeling

As shown in Fig. 1, the boost converter circuit consists
of four components: inductor, electronic switch; diode and
output capacitor [23]. The converter has two modes of
operation; namely the continuous and discontinuous
conduction mode (CCM and DCM). In CCM, currently used
in this study, the inductor current is always greater than zero.
In contrast, it is zero for some time of the period T, in DCM.

The switching of the converter occurs at a constant
frequency f, . The on-time interval is DT, , and the off-

time interval is D'T; . Where D is the duty ratio of the

switch and D' is (1—-D) . The circuit in Fig.1 can be

redrawn for the on and off intervals as in Fig.2 (a) and (b),
respectively.
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Fig. 1. Boost converter circuit topology.
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Fig. 2. (a) The first interval when the switch is on (closed),
(b) The second interval when the switch is off (opened).
In this section, the small signal models of the open loop
converter, as well as the CMC are derived.

2.1. Modeling of the Open-Loop Converter

Boost converter, by its nature, is a nonlinear system. To
present it in a linear form, the state space averaging method
is used to approximate it to a continuous nonlinear system,
and the linearization is used to approximate the resulted
nonlinear system to a linear one [24]. For the control
purposes, a current source is added at the output of the
converter to represent a load disturbance in the model. The
first step in the state space averaging method is the forming
of the state equations that describe the first and second
intervals, which are represented as (1) and (2), respectively.

X =AgyX+BgyU @
Vo =Con X +EoyU 2
X = Ao X+Boer U ®)
Vo =Corr X + EoreU Q)
Where:

X:[iL Vo ch],1 U:[Vin Iin] (%)
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The time averaging is performed as:
%=[DAoy +(1—D)Acer Jr [DBoy + (1-D)Bore Ju
(14)

The second step is the adding of small perturbations to
the duty-cycle and to all the system states, as follows:

Xx=X+X%, For X<< X (15)
D=D+d, Ford<<D (16)
Vip = Vi, +Vi,, For Vi, << v, 17
iy =i, +1y, For i, <<i, (18)

The next step is removing the DC components and also
the products of the small signal terms. This step yields the
following system of equations:

{)EzAA)A(+ B0’ 19)
y=CR+E'0

Where:

A =DAgy + D'Ager (20)
B=DBgy + D'Bogr (1)
C =DCoy +(@1-D)Core (22)
E = DEoy +(1—-D)Eorr (23)
By =[(Aon — Aok )X +[Bon —Bore) U (24)
~B'=[By B] (25)
E'=[0 E] (26)

o,

o ¢ @n
a

Substituting (1) and (2) into (8) results in:

[(D-DR,R, (D-DR, |
(Rp +Ry )L (Rp +Ry )L
A= 0 -1 0 (28)
Rlcl
1-D)R, -1
_(Rz +R, )Cz (Rz +R, )Cz i
[ R,R, R, 1 (D-DR,R, |
IL + c2 T e . A
(Ry + Ry L (R, + R, )L L (Ry+R,)L
B = 0 1 0
R1C1
B Ro Ro
—0 O —9°
L (Rz + RO)C?_ (Rz + Ro)cz i
(29)
1- D)R,R R
C — ( ) 2% O 0 (30)
R, + R, R, + R,
E’ :{0 L } (31)
R, +R,

2.2. Modeling of the CMC Converter

Among the many available models, the new continuous
time model (NCT) in [11, 25] is generally accepted due its
simplicity and accuracy. The block diagram of NCT model is
represented in Fig. 3, where Vv, ,V, ,i, and d are the
perturbation of the input voltage, output voltage, inductor
current, and the duly-cycle of the power stage, respectively.
The variable Vv, is the perturbation of the reference voltage
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of the current loop. In this study, V., is the LQR controller
output. R; is the effective linear gain from the sensed
current to the comparator input. k; and k, are the

feedforward and feedback gains, and they are different for
the different types of converters. H,(s) is the sampling gain

which is used to model the sampling action in the current
loop, for controller design purpose it is taken as a unity.
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Fig. 3. Small-Signal Model for PCMC Converter.

Modulator gain F,, is the ac gain from the error current

signal to the duty-cycle. F, , k; and k, can be expressed

as:
1
= (32)
(M 1 + M c )Ts
-T.R
= 33
T (33)
— ,2 .
« ——D°T.R 34)
2L
Where M, is the positive slope of the inductor current,

M, is the slope of the artificial ramp signal that used for

slope compensation. It is stated in [26] that there is an
inherent stability when D >0.5 for all the types of the

converters. In order to guarantee the controller stability for
all range of the duty-cycle, an artificial ramp with slope
M, >05M, has to be added. T, is the switching

period. As it is very small, the k, can be neglected.

From Fig. 3, when Kk, is neglected, the duty ratio law
can be expressed as:

d = F (-Rif, +k Vg +9,) (35)

The state space representation for the small signal

analysis can be obtained by replacing the term d in (19)
with its value in (35). The closed loop matrices are:

[(D-DR,R, — F, RR, (Rl +V,) 0 (D-DR, |
(Ry + Ry )L (Ry + Ry )L

A= 0 __1 0

(1-D)R, + F,RiR, I, -1
0o - -
(Rz + Ro)Cz (Rz +R, )Czj
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(R, +R, L (R, + R, L (R, +R, L

B'= 0 i 0
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_FmRo | _FmeRolL Ro
L T A\~ —_—
(RZ + RO)CZ (RZ + Roxz (RZ + RO)CZ i
(37)
C{—Rl_R‘F”‘ = 0} (38)

R1 Rl
F. K:F
E!= _m f m 0 (39)
R1 R1

3. The Linear Quadratic Regulator —Current Mode
Controlled Model

In this section, the optimal control method is applied to
the DC-DC boost converter. The controller is formulated as a
LQR and the associated cost function is minimized through
changes in the control signal of a CMC model.

The design for the compensator gain under optimal
control methodology follows from the solution of the state-
space matrix K. New feedback paths of i, , ¥, and
V., are constructed in addition to the existing paths (in the

PCMC) as shown in Fig. 4. The linear feedback control is
expected to improve the dynamic performance of PCMC
PWM converter.

Vix ; Va1
I, -
Small signal model of Ve2
- the open loop CMC _
L boost converter Iy
I| k2 |’|.
==

I| k1 Lr

Fig. 4. Small signal model of closed loop CMC PWM boost
converter with linear feedback control.
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For the averaged model of a boost converter, the linear
feedback control law can be written as,

u= _klfL - I(2‘7c1 - I‘3‘7c2 (40)

To minimize the steady-state error of the control
variable, an integral feedback, A(s) = % , Is added to the

controller. Therefore, a new state variable, %3 =& s
included.

i | Ve
&= -ref - iin = _C1><3 Ve |~ E3.><3 Vin | T iref (41)
VcZ_ io
g={Am O“lﬂ* P OMﬂf} (@2)
- C3><1 lel ¢ L E3><l 1 lret
- -

Aa

To design the LQR system, the formulation of the
following cost function is considered

+00
3= [ Qg + Vet (43)
0

where Q is a 4x4 symmetric positive definite
matrix, and p is a positive scalar. Once Q and p are
chosen, the optimal control [17] problem reduces to finding
the weights in the vector K that minimizes (43).

The choice of the matrix Q and the scalar quantity p

is very important in the optimization, and both strongly
affect the positions of the closed-loop poles. The matrix Q

is chosen to be:

l3s Ous
= 44
Q=g %] ()

4, Simulation Results And Discussions

The simulation results of this section are generated using
MATLAB/Simulink. The simulated system diagram is
shown in Fig. 5(a), where a boost converter is represented by
its average circuit [27] , shown in Fig. 5(b), and the LQR-
PCMC is modeled as shown in Fig. 5(c). The parameters of
the simulated boost circuit are defined as:

L =0.2mH,C, =50uF,C, =100pF, f = 20kHz,
R, =R, =1ImQ,V,, =55V, V, =100V, I;, =9.1A.

After numerous simulations, the estimated best values
for q and p are 1x10® and 0.1 respectively. These

values provide good performance of the system in achieving
smooth and short transient responses as shown in the
following figures. The resulted gain vector is:

K =[4.6022 -1.5811 -8.49x10? -3.162x10% .

In the renewable energy conversion systems, the boost
input current is variable according to the reference current
generated by MPPT algorithms. In addition, the input voltage
is not constant as it is affected by the renewable source
conditions. In the wind energy conversion system, for
example, the input voltage of the boost is a function of the
output voltage of the generator which relates to the generator
speed. The generator speed should change instantaneously to
maintain its ratio with the wind speed at the optimal value.
Therefore, the input voltage is also considered variable.
Moreover, the output voltage of the boost converter is the
voltage of the dc bus, which is regulated using a storage
element connected by another dc-dc converter. Thus, it
suffers enormously from the transient conditions, which acts
like a disturbance for the boost converter.

Refernce cument  LQR controller

L.

Input Valtage

Boost Average Model

Cutput Voltage Disturbance

(©)

Fig. 5. (@) The simulated system diagram (b) The boost
average model subsystem (c) The LQR controller subsystem.
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For q=1x10® and p=0.1 , the closed-loop boost

converter is tested under three different disturbance signals.
The first case is a step change on the reference input current
from 9.1 A to 10 A and then to 8 A. From Fig. 6, it can be
clearly seen that the inductor current tracks the change in the
reference current correctly with slight transients. Where the
inductor current settles at the start-up in approximately 64pus
with 0.95% overshoot, it also tracks the change that occurred
at 0.01s and 0.02 s very softly in 0.619ms and 0.1ms,
respectively.
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Fig. 6. Inductor current response to a step input current
variations from 9.1 A to 10 A and then to 8 A.
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A good dynamic behaviour is also depicted in Fig. 7
after a step change on the output voltage. For a 10 V step
change in the output voltage, the peak undershoot in the
inductor current is 8.42% and the recovery time is 0.84 ms.
They are also 1.88A and 1.13 ms for a 20V step change.

As a final case, a step variation in the input voltage by
10 V and 15 V is done, as shown in Fig. 8. Although the
initial inductor current changes by about 32.4%, it recovers
its nominal value in less than 0.9 ms. The next change is
recovered in less than 1.17 ms with almost 3.81A inductor
current change.
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Fig. 7. Inductor current response to a step output voltage

variations from 100V to 110V and then to 90V.
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Fig. 8. Inductor current response to a step input voltage

variations from 55V to 65V and then to 50V.

5. Conclusion

Changing the input current of the boost converter to
absorb the maximum power from the renewable energy
sources is accompanied with a change in the input and output
voltages due to different reasons. Therefore, the controller to
be used should be robust and able to reject these
disturbances. Although, the derived models are for the small
signal variations, and the weighting matrices of the LQR
method are not the optimal. Nevertheless, the LQR-CMC
controller that proposed in this paper is successfully achieved
the desired performance that is fast with accepted overshoots
and undershoots. Moreover, it can recover the system to its
nominal operating point upon being exposed to the
disturbance in a very short time. Applying this controller to
the renewable-energy sources whose MPPT algorithms
depend on the input current of the converter surely will make
it more efficient.
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