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Abstract—In this paper, a systematic controller design for a
photovoltaic generator with boost converter using integral state
feedback control is proposed. It is demonstrated that the state—
space feedback enables the extraction of maximum available
power under variable loads. For this purpose, a control-oriented
state-space model of a photovoltaic array connected to a DC load
by a boost converter is derived. This model is then linearized by
one working point, but no further simplifications are made. The
design-oriented model contains the dynamics of PV generator,
boost converter, and the load. The controller design is based on
the augmented model with an integral component. The controller
is validated by a detailed plant model implemented in Simscape.
The robustness of the controller with variable solar irradiation
and DC load changes is demonstrated.

Keywords-feedback control; boost converter; maximum power
point tracking (MPPT); state-space modeling; photovoltaic genera-
tor

L INTRODUCTION

The increasing need for energy, the high cost of generating
electricity, and the sunlight availability made necessary the
exploitation of the advantages of power electronics and control
techniques which improve the efficiency of solar systems [1].
The evolution and development of the solar generator is a
challenge for researchers as an optimal solution to the
production of low-cost power [2]. Studying photovoltaic
generators using state-space systems for mathematical
modeling allows not only better understanding but also a
modern, straightforward approach that will be based on a state
feedback controller or an observer-based feedback controller.
Authors in [3-6] did not consider the dynamic behavior and the
non-linearity of the photovoltaic system, especially the
interaction with the converters, which transmit power to the
load, nor did they deal with the reliability and stability of the
closed-loop control system. Hence, the impact of PV
generators on power devices has been neglected [7]. In our
case, we considered this effect because the non-linearity of the
PV cell can affect the stability and robustness of the system.
Authors in [8-10] used classic maximum power point tracking
(MPPT) algorithms, such as perturb and observe (P&O) and
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incremental conductance (IC), as a way to control the converter
[11]. Instead of P&O MPPT heuristics, a state feedback
controller approach to achieve optimal operation was proposed,
where the reference voltage of the PV systems is calculated by
the P/U curve of the PV cells. In this approach, the maximum
power point tracking is a set point controlled by regulating the
output voltage of the PV array. Furthermore, the dynamics of
the system could be better tuned by pole-placement based on
the knowledge of the system matrix, the input matrix of the
plant, and the desired poles in the closed-loop system. Authors
in [12] adapted a state—space feedback approach to a DC-DC
converter in PV systems. They used a linear model to represent
the PV generator in the system matrix. In the model, the single
diode equivalent circuit of the PV array was limited to the
distribution level of the voltage source and equivalent
resistance, so the behavior of the diode was neglected. Authors
in [13] also dealt with the PV array block using an equivalent
linearized model of a voltage source, so the non-linearity of the
generator was neglected, and the influence of the sun was not
included in the control strategy. Furthermore, the study did not
consider load change scenarios and the influence of fluctuating
sun irradiation on the closed-loop dynamics.

The main contribution of the current work is a systematic
state feedback controller design based on a proposed holistic
state space model of the PV system that contains the model of
the PV array as the current source, the averaging model of the
boost converter, and the DC load. The state—space model has
three state variables: the output voltage of the PV array, the
current through the induction of the booster, and the voltage at
the capacitor. The input variables are the controllable duty
cycle and the incontrollable input of the sun irradiation. The
controller validation is carried out using a detailed Simscape
model of the plant. The results are discussed and compared
with well-established methods, such as power optimization by
the MPPT algorithm.

II. PV PANEL MODELING

In this section we will describe two modeling topologies for
the single diode equivalent circuit of the PV array: one includes
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the devices presented in Simscape (Block set/Tool box in
Simulink/Matlab) and the other includes the mathematical
equations describing the component of the PV array using the
state-space model approach. The state—space model is validated
by comparing it with the Simscape model.

A. Simscape Model

The PV array block presented in Matlab/Simulink is
modeled according to System Advisor Model (SAM) from the
National Renewable Energy Laboratory (NREL) to perform
depending on the type and module defined [14-16]. The panel
model defined in this work is Kaneka GSA 060, the PV array
contains 5 parallel strings, each string containing 5 modules
connected in series to produce maximum power of 1.5kW at
1000W/m”. The characterizing I/U and P/U curves of the PV
array are shown in Figure 1.

Array type: Kaneka G-SA060;

5 series modules; 5 parallel strings
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Fig. 1. Parameter curves of the PV Generator

B. State-Space Model

The state—space model is illustrated by the state equations
that contain the derivatives of the state variable that stores the
energy as inductors and capacitances [17]. Thus, by adopting
Kirchoff’s laws on the electrical circuit (Figure 2) that
represents the system, the state space equations are:

% _ Rsp i _ R+ Rgp+Rs (1)
a Ce(Rsh+Rs) Ld RCe(Rsp+Rs) PV
g =1, — Iq (2)
= Va_ Va4 Ve

I4=1, [exp ( VT) 1] + R + Rt Sref 3)
S

I, = S [ILref + Qe (Tcell,k - Tref,k)] 4)
ref
KT

VT = T ny Ncell Nser (5)

Vg = va + Rslpv (6)

C. Validation of the State-Space Model of the PV Generator

Authors in [8, 12, 13, 17] did not take into account the PV
panel as a non-linear independent system that could negatively
influence the results of the approach used to control the boost
converter for maximum power, especially in state-space

modeling. Hence, a separate modeling and study of the PV
system is very important. Shunt resistance and diode
compensation elements must not be neglected when building
the state space model because they strongly influence the
dynamics of the system, and without them the results are not
accurate and do not reflect the real behavior of the system (i.e.
the PV cells). As shown in Figure 3, we validated the state
space model because PV voltage and current are identical to
those extracted by the Simscape model.

Equivalent Electric Circuit of Photovoltaic Generator
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Fig. 2. Singe diode equivalent electric circuit of the PV Generator
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Fig. 3. Power under different values of irradiation and load

Power under different values of irradiation and load is
power for the same values of irradiation (i.e. it never reaches
maximum power). The direct connection between the PV array
and the load does not give maximum power independently
from sunlight or load. The direct installation is useful only if
we have constant light irradiation and constant load [18]. Then
we need to choose the appropriate load for the available light,
which is not practical, especially in an irregular system.

III. BOOST CONVERTER MODELING

In this section we will present the characteristics of the
boost converter and the state—space model using averaging
technique to extract the system and its input matrix.

A. Boost Converter

The boost converter shown in Figure 4 is a switched-mode
supply which can increase the input voltage to the desired
output voltage [19]. Its fundamental function is to cut the input
voltage by switching it on and off very quickly, in which the
transistor serves as the switch. The cutting consists of
accumulating energy and transferring it to the load through
interrupting the current cyclically. When the transistor is
closed, the inductance L stores the energy in a magnetic form,
so when the IGBT is opened, the energy goes to the capacitor C
to aliment the load while the inductance receives more energy
from the source. The timing in switching on and off the

www.etasr.com

Labidi et al.: A Systematic Controller Design for a Photovoltaic Generator with Boost Converter Using ...



Engineering, Technology & Applied Science Research

Vol. 9, No. 2, 2019, 4030-4036 4032

transistor is very important because it allows a stable voltage
for the load, which is called duty cycle. As described in [20],
some design rules must be followed and verified for the boost
converter to operate well: The load (R>R_PV) must always be
superior to the resistance of the PV defined in (9) because the
duty cycle must be between 0 and 1. Equations (7) and (8)
describe two other important properties of the boost converter:
the input voltage must be less or equal (i.e. the case when the
duty cycle is equal to 0) to the voltage output and the input
current must be greater or equal to the current output.

v,
=1- -2 7
a Voc (N
a =1-— ¢ (8)
Iy
= v
Ry = 2 ©)
ipe L D Ipc
._’_"_.- T -
z
\Vov Fo E] =t c ::lv°< 2[]
u(t)

Fig. 4. Circuit of the boost converter

B. State Space Modeling of the Boost Converter

In the first step, we validated the state—space model of the
PV array connected to a simple load, as previously mentioned.
This step is very important for the dynamic interactions
between the PV block, the boost converter, and the load. The
irradiation input strongly influences the system response, which
is precisely the function of the controller. The next step is to
add the boost converter, but without the feedback controller.
We need to validate and compare this model with the Simscape
model so that we can work on the controller. In this stage, the
control input of the boost is a PWM Simscape device provided
by Simulink/Matlab, in which the duty cycle is equal to 0.5.

|12

Fig. 5.

Equivalent electrical circuit of the system

The state equations of the system in on and off modes will
be extracted according to the equivalent electrical circuit of the
PV generator (Figure 2) connected to the load through the
boost converter presented in Figure 4. Using the averaging
technique, a generalized model for both modes with three states
is derived. The on mode of the system is illustrated in Figure 6,
where input is controllable. According to (2), the input i;,
which represents the photogenerated current proportional to the

sun light, is uncontrollable and can be considered a
disturbance. Equations (10)-(12) describe the state—space
mathematic modeling of the on mode.

dvpy _ 1 1, Rgn

it Ry PTG T G Ry (10)
di 1 (RL+RM) .

S oy — — (11)
dVpc _ _ 1

dt  C(R+Rp) Vbe (12)

Rsi,, L R j

c =%
X S
TETES Y

Fig. 6. On mode of the system

Equations (13)-(15) represent the dynamic state—space
modeling of the off stage illustrated in Figure 7. We note that
(10) and (13) are equal, which is obvious because the dynamics
of the system on the photovoltaic generator side do not change
in the on and off modes.

Avpy 1 1, Rsn .

= - — - — i+ — 1
at CeRatR) PV c G i iy e (13)
ai _ 1 _ (RRcHRLRc+RRLY . R 1
at L Vey ( L (Rc+R) ) t L (Rc+R) Ve L Yy (14)
dVpc R . 1

= [ — Voe (15)
dt C (R+R¢) C(R+Re)

Rs j,, L R

Fig. 7. Off mode of the system

The differential equations of on and off modes can be
summarized according to (16). The state space averaging
system [21], which combines both time switches, is presented
in (20) by using (17):

x(t)=Ax({t)+ B(x)u(t)+D (16)
() = Xopu+ Xopp (1 —w) (17)
where the input u is related to the switch mode:

S:{ ON; MOSFET ON
OFF; MOSFET OFF

with Soy(w) =u , Sppr(w)=1-u, uwejo01].
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Vey X1

(16
Ve X3

u= () = (22) (19

C. Validation of the State—Space Model

The state—space model is implemented in Simulink/Matlab
and compared to the Simscape model. Figure 8 shows the
simulation results under variable irradiation and load. The
results demonstrate that the dynamic behavior of the state—
space model is equivalent to the Simscape model, which
confirms the validation of the modeling. In addition, the design
rules of the boost introduced above are verified. Therefore,
Voy<Vpc and i,,,>ipis fulfilled according to (9) ,and R > Rpy.

VPV and VDC in Simscape VS State Space for R=100
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Fig. 8. Comparison between simscape and state space (a), (b) for R=100

and (c), (d) for R=150

IV. STATE SPACE FEEDBACK ONTROLLER

In this section, we will describe the steps used to build the
integral state feedback controller. First, the system (20) around
an operating point using the Taylor series is linearized without
neglecting the parts of the system. This step is important in
dealing with the dynamic matching between the PV panel and
the load impedance in the control design.

Vol. 9, No. 2, 2019, 4030-4036 4033
1 1
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A. Linearization of the State Space Equations

The first step in building the controller is to linearize the
state equation (20) around a stationary operating point (x., u.),

which is characterize;ci as x=f(x,u)=0, where
Ue = (Zi) and x, = (éi) , see (18) and (19).
X3¢
Then:
Ax. +B(x:)0.5=0 —
Alx, +B1=0 @1

By setting u; = 0.5 and u, = 1 (19) the matrices (20) in
consideration of (21) are given as follows:

_ L 0

Ce(Rsn+Rs) Ce

b (emsesessenecnn) | (22)
l 0 c(é+Rc) 7C(R_+RC)J
Rsn
Ce(Rsn+Rs)
Bl=| os v, (23)
L
0
Then according to (21) the equilibrium value of x, is:
21.1584
xc = —inv(A1)B1 = | 0.8624 (24)
43.1183

After calculating the equilibrium point by imposing x = 0,
we linearize the system around that operating point by using
Taylor series.

J.C:f(xc'uc) =0 —

x=A Ax+B Au
Ak =4 Ax+B Au 25
* _ 0(Ax+B(x)uq) _ 0B(x)
where 4 = 2N (g4 220, ) (26)
and B =2@XEOW) _ gy )y 27)
ouq
Ax=x—x, ; Au=u-—u, (28)

From the state matrix of the system (20) we extract (29) and
(30):
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1 _ X 0 with:
Ce(Rsn+Rs) Ce
1 RRc+RL Rc+RR R t
A= L - ( L(;C+R) L) T L(RHAR) 29 € =Y~ Yrer and Xy = fo edt (38)
R 1
0 C (R+R0) T CR+RO) Using (33) and (37), the augmented state matrix becomes:
0 x A0 B 0
RcR— RyR.—Ru R R 1 T = x + u+ 39
B(x) = L (R+R) X HCET) X+ W (30) [xl] [C 0 [0] [—1] Yref (39)
TR X, which results in the following feedback law:
x
By using (30), the derivate % is given: u= —[Ky K] [xl] (40)
0 0 0 x
R S where y = [C 0] [, JandCc =[100]. (41)
M: lO L (Rc+R) L (Rc+R) l 31) !
ox ‘R ¢ J The column vector x contains the state variables of the
0 T CR+RY) 0 system presented in (18). After choosing the appropriate poles:

By adopting (29) and (31) we obtain 4, and by employing
the operation point calculated in (24) and in (30) we obtain B .
A and B are the linearized state space matrices that we will use
to calculate the gains for the state feedback controller.

B. Calculation of the Gain

First, we need to find the control law [22] of the linear state
variables in (32). Then we define the location of the desired
closed loop poles by computing the eigenvalues of the open
loop system. The poles are adjusted by moving them to the left.

u= —-Kx 32)
x=Ax+ Bu (33)
x=Ax+ B(—Kx) =(A—-BK)x 34)
P = eig(A) (35)

It is well known that by using (34), there will be a steady
state error in the closed loop system. To compensate, an
integral state is added [22]. In addition, u is set, which
represents the duty cycle and not the output voltage of the PV
generator. To achieve this, an augmented vector and matrices
are added [27], taking into account the voltage to be set. Figure
9 shows the state feedback loop of the controller according to
(36).

Fig. 9.

Integral state feedback controller

The control law of the feedback controller with an
integrated control is presented below:

u= —K,x+ K, fote dt (36)

X =CxX— Yrer =€ (37)

P=[-150 -55+250i -55-250i -110] (42)

The gain matrix K is determined by using Ackerman’s
formula implemented in Matlab:

K =acker(4,B,P) with K= [ Ky K;] (43)
which gives the following:

Ky =[0.0175 0.8236 —0.0072],

K; = [3.2482] (44)

C. Choosing V.

V,.r denotes the reference voltage and is adjusted so that the
PV array can provide maximum power extraction. The
reference voltage depends on the sun irradiation and the load.
The design rules of the boost converter and the dynamic
behavior of the system must be taken into consideration. Let’s
consider the case of 7,=1000w/m’. Five panels in series give:

Vpv—mppr =335V (45)

and five panels in parallel are equal to:
Lyy_mppr = 4.5 A (46)

(see Table I), so by using (9): R, = 75€, and considering
Section III, the load must be in this case equal to or greater than
75Q.

Vov—mppr = 5 x Voanet-mppr 47)
lpy—mppr = 5 * Inanel—mppr (48)
Ppo—mprr = Vpv—mper * Ipp—mppr (49)
We know that: V. =R i (50)
and Ppy_yppr = Ppc =V i (51)
So by (50) and (51) we get:

Ppc =Ri? —ipc = [=2¢ (52)

R=100Q is chosen. Then by using (49) and (52),
ipc=3.8826A. I, yppr=4.5A is calculated by (48). Hence, by
adopting (8), the duty cycle is equal to 0.1372, which matches
the value given by the simulation shown in Figure 11.
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According to (7) and (50) V=335V, which results in V,,=V),. - VPV =i VOO wiih Sials Smoe conbroller for =160
MPPT: =L [ i
5 —
V. SIMULATION AND VALIDATION OF THE CONTROL £
APPROACH ° =
Figurel0 shows the simulation results with the designed ° o Hme ) "5
and implemented controller. It demonstrates the response of the s 177 20312 valh Sists Space ooty 2150
system according to different values of irradiation (500, 1000, o ' E—
and 800), and it shows that the desired maximum power is g [l
reached for /r = [1000 800]. Furthermore, the rules of the boost £,
are verified, where V,,, < Vp¢ , ipy > ipc, and the duty cycle is ° 0o

equal to the theoretical value given by (8). In addition, the PV
voltage follows the reference value, whereby the state feedback
controller is verified under variable irradiation. However,
theoretically, the maximum power for /r=500w/m° must be
750W and not 500W. How can this be explained? Let us take
(52) with R=100Q and Pp=750W. We obtain ipc=2.74A or in
this case i,,=2.245. According to the rule of the boost, the
photovoltaic current must be greater than the output current,
which is impossible when R=100 Q. Therefore, by using (52),
R must be greater than 150Q2. Therefore, the maximum power
that can be reached in this case is 500W. Then by using

R=160Q, and the correspondingly calculated voltage value V.,

the maximum power point is reached (Figure 11). Therefore,
the system is robust because it will work under variable values
of sunlight and load.

VPV and VDC with state Spacs controller for R=100
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VI. DISCUSSION AND OUTLOOK

Based on the simulation results shown in Figure 11, the
predefined control objectives were achieved. For each
considered irradiation, maximum power was reached under
various loads. The boost was limited by some rules, which
were discussed. Because of the load change, the reference
value needs to be recalculated to obtain desired maximum
power. In some cases, the load will be less than Rpy. To achieve
maximum performance in such cases, a buck converter instead
of a boost converter is required. As shown, boost or buck
converter alone is not sufficient to operate a solar system
autonomously in the optimal state at different loads. A buck-
boost converter is the solution for variable load. The value of
the reference will not be changed because it will be generated
automatically by the feedback loop of the controller. The
behavior of the PV generator connected to a boost converter
was demonstrated. A reliable and efficient method for
controlling the boost converter was presented. The robustness
of the control system was tested in load changes, and the
influence of fluctuating solar radiation on the dynamics of the
closed control loop was investigated. The next step in future
research is to build a control design for a buck-boost converter
and combine it with a wind turbine that operates a hybrid
generator.

APPENDIX
Parameters of Kaneka GSA 060

Maximum power 60.3W
Voltage in mpp 67V
Current in mpp 0.9A
Open-circuit voltage 91.8V
Short-circuit current 1.19A
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