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Abstract– This paper presents the design and simulation of DC/DC buck con-
verter using Matlab and Simulink. The model contains a detailed represen-
tation of the solar photovoltaic (PV) array, Lead Acid battery, DC/DC con-
verter, and DC load. In our studies, we conceived a PV system where the PV
generator is the panel NA-901(WQ). The simulation has been tested on So-
lar PV Module (Micro-amorphous silicon thin-film) rated 90Wpeak at 49.3V,
1.83A at 25 degree Celsius and 1000W/m2 (STC). The complete model was
simulated during a variation transient in climatic conditions.
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1. Introduction

Most large photovoltaic systems are solar energy supply sys-
tems, which either supply power directly to electrical equipment
or feed energy into the public electricity grid. In some small
applications, PV (photovoltaic) systems are operated in isolated
configuration where a battery storage system is required. The
electrical system powered by solar arrays requires special design
considerations due to varying nature of the solar power resulting
from unpredictable and sudden changes in weather conditions
[1], which change the solar irradiation level as well as the cell
operating temperature [2, 3].

The system under study is designed to power a 48V DC load
and require a 48V lead acid battery rated at 1100Ah. A DC load
is preferable for several reasons. First, since a photovoltaic cell
produces DC power, there is no need for an inverter to convert
the DC power to AC, as in most current PV systems. Second,
LED lighting has made huge advancements, and is more efficient
than the standard incandescent bulb. Also, batteries provide DC
power, and can be easily charged by DC source. Many electrical
appliances use DC power as well.

On the other hand, battery charging is very popular because of
its simplicity and versatility. Many papers on battery charging
have been written [4, 5].
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The main objectives of this paper is to model and analyze the
system, and predict the performance improvements that can be
achieved by altering the system configuration to better match the
load of the PV system.

This paper is organized as follows: In Section 2, The dynamic
model and characteristics of the PV array are described. The de-
sign and modelling of the buck converter will be presented in
Section 3. In Section 4, the battery model based on a lead-acid
battery is presented. In Section 5, the dc-dc regulator system is
discussed. The simulation descriptions and results will be de-
scribed in Section 6. Finally the conclusions will be present in
Section 7.

2. Modelling of photovoltaic system

A PV cell is a specially designed PN junction or Schottky bar-
rier device. The well-known diode equation describes the opera-
tion of the shaded PV cell [6].

In order to obtain an adequate output voltage, PV cells are con-
nected in series to form a PV module. If higher voltages or cur-
rents are not available from a single module, modules must be
connected into arrays as shown in Fig. 1. Series connections re-
sult in higher voltages, while parallel connections result in higher
currents.

Fig. 1. Example of PV arrays

Model for solar PV array is developed in Simulink. The PV ar-
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ray makes use of the equations of a typical solar cell. The typical
model of a solar cell is shown in Fig. 2. The current and voltage
of the solar cell is given as follows:

Icell = Iph − ID −
Vcell + RsIcell

Rp
(1)

ID = Isat

{
exp

[ q
KT

(Vcell + RsIcell)
]
− 1

}
. (2)

Fig. 2. Solar cell equivalent model

Fig. 3. P-V characteristics of NA-901 (WQ) 90W PV module

The power-voltage output of the Simulink model is shown in
Fig. 3, while the obtained I-V curves are shown in Fig. 4, refer-
ence to the key specifications of the NA-901 module illustrated in
Table 1 [7], the results of Simulink PV module show the excellent
correspondence to the model.

Table 1. Key specifications of the NA-901 PV module
Temperature T 25 ◦C
Maximum power Pmax 90 Wp

Open-circuit voltage Vα 65.2 V
Short-circuit current Isc 2.11 A
Voltage, max power Vmpp 49.3 V
Current, max power Impp 1.83 A

3. Design and modeling of the buck converter

A dc-dc converter is used to increase the efficiency of the sys-
tem by matching the supplied voltage to the voltage required by
the load.

In our application, the output voltage must be kept constant,
regardless of changes in the input voltage due to variation in cli-
matic conditions, or in the effective load. This is accomplished
by building a circuit that varies the converter control input, in
such a way that the output voltage is regulated to be equal to a
desired reference voltage.

Fig. 4. I-V characteristics of NA-901 (WQ) 90W PV module

Fig. 5. Circuit diagram of buck converter

The modeling begins as usual, by determining the voltage and
current waveforms of the inductor and capacitor (Fig. 5).

The operating mode of a buck converter circuit can be divided
into two modes. Mode 1 begins when the switch is in position
1, the circuit of Fig. 6(a) is obtained. The current flow through
inductor L, diode D, capacitor C.

In mode 2, the switch is in position 2, the circuit of Fig. 6(b)
is obtained. During this mode, the energy stored in the capacitor
is then transferred to the battery. Therefore, the output voltage is
less than the input voltage and is expressed as:

Vbat = DVpv (3)

Where D represent the duty cycle.

4. Battery model

The battery model was based on a lead-acid battery PSpice
model [8]. Lead-acid battery cells consist of two plates, positive
and negative immersed in a dilute sulfuric acid solution. The pos-
itive plate, or anode, is made of lead dioxide (PbO2) and the nega-
tive plate, or cathode, is made of lead (Pb). The battery model has
two modes of operation: charging and discharging. The battery
is in the charging mode when the current flowing into the battery
is positive and discharging mode when the current is negative.

The terminal voltage of the battery is given by:

Vbat = V + RIbat. (4)

Where V and R are governed by a different set of equations de-
pending on which operating mode of the battery is in.

5. DC-DC regulator system

A block diagram of a typical DC-DC system incorporating a
buck converter and feedback loop is illustrated in Fig. 8.

A Proportional Integral Derivative controller (PID) compen-
sator is used to maintain a constant dc voltage of 48V in converter
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(a)

(b)

Fig. 6. Buck converter circuit: (a) when the switch is in position 1, (b) when the
switch is in position 2.

Fig. 7. Battery model [6]

output. It is desired to design this feedback system in such a way
that the output voltage is accurately regulated, and is insensitive
to disturbances in PV voltage or in the load current. In addition,
the feedback system should be stable, and properties such as tran-
sient overshoot, setting time, and steady-state regulation should
meet specifications. [9]

To design the system of Fig. 8, we need a dynamic model
of the switching converter. To develop this dynamic model, we
will extend the steady-state models to include the dynamics intro-
duced by the inductor and capacitor of the converter. Simplified
terminal equations of the component elements are used.

L
diL (t)

dt
= Dvpv (t) − v (t) .

C
dv (t)

dt
= iL (t) − v (t)

R
.

(5)

[ diL(t)
dt

dv(t)
dt

]
=

[
0 − 1

L
1
C − 1

RC

] (
iL (t)
v (t)

)
+

[ D
L
0

]
vpv (t) . (6)

Now apply standard linearization technique and apply pertur-
bations as follows:

Fig. 8. DC-DC regulator system including a buck converter power stage and a
feedback network
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vpv (t) = V+pv
∧
v
pv

(t) ,

d (t) = D +
∧
d (t) ,

⟨iL(t)⟩ = IL +
∧
i
L

(t) ,

v (t) = V +
∧
v (t) .

(8)

The line-to-output transfer function is

Gvd (s) =
Vpv

1
1 + s L

R + s2LC

 . (9)

Gvd (s) =
∧
v (s)
∧
d (s)

∣∣∣∣∣∣∣∣ ,∧vpv
(s)=0

(10)

Thus, the line-to-output transfer function contains a DC gain Gg0
and a quadratic pole pair:

Gvg (s) = Gg0
1

1 + s
Qω0
+

(
s
ω0

)2 . (11)

Analytical expressions for the salient features of the line-to-
output transfer function are found by equating like terms in (9)
and (10). The DC gain is

Gg0 = Vpv. (12)

By equating the coefficients of s2 and of s in the denominators of
(9) and (10), one obtains

ω0 =
1
√

LC
. (13)

and Q = R

√
C
L
. (14)

For simulation, the following values are used to simulate the
buck converter.

Vout = 48VL = 2.5mH,C = 25µF,R = 20Ω,Vpv = 197.2V.
(15)
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The Bode diagram of a typical loop transfer function is shown in
Fig. 9. The gain margin and the phase margin are easily visual-
ized in the Bode plot.

Fig. 9. Bode plot of the loop transfer function Gvg(s) before correction

It is desirable to have high gain at low frequency and rapidly
decreasing gain after the gain crossover frequency. Since we re-
quire that the closed loop system should be stable, the slope of
the gain curve at crossover cannot be too steep at the crossover.
However, the phase of a system is related to its gain, and hence it
is not possible to independently specify these quantities.

As illustrated in Fig. 9, the system does not have enough phase
and gain margins which can influence the stability and the speed
of the system. Consequently the voltage regulator must compen-
sate for this lack of phase without destabilizing the system, thus
by guaranteeing a good rejection of disturbance.

A guideline in PID control system design is to ensure a 3–10dB
gain margin and 20◦ phase margin. Here, it must be noted that
3dB and 20◦ are the endurable minimum values, and that when
these values are chosen, control systems are usually very oscil-
latory and can easily become unstable. If satisfactory damping
and robustness are expected, a phase margin (∆φ) of greater than
50◦is recommended.

The PID controller in the continuous time domain is described
by

Gc (s) = Gc0

(
1 + s

ωz

) (
1 + ωL

s

)
(
1 + s

ωp

) . (16)

Where

ωz = ωc

√
1 − sin(∆φ)
1 + sin (∆φ)

. (17)

Gc0 =

(
ωc

ω0

)2 1
T0

√
ωz

ωp
. (18)

ωp = ωc

√
1 + sin(∆φ)
1 − sin (∆φ)

. (19)

ωc is the cut-off frequency of the system.

Fig. 10. Bode plot of the loop transfer function Gvg(s) after correction

It is clear that closed loop PID controlled buck converter gives
improved transient and steady state performance and succeeded
in to add more phase margin.

6. Simulations and results

In this work a PID compensator is used to maintain a constant
bus voltage of 48V in converter output, irrespective of variations
in climatic conditions and load. The PID compensator minimizes
steady state error to zero.

For whole system simulation is used Matlab/Simulink.

Standard test conditions (T = 25◦C and G = 1000W/m2) with
constant load resistance

The simulation results have been obtained under standard cli-
matic conditions (T = 25◦C and G = 1000W/m2). It can be
clearly seen that, in steady state, the DC link voltage is main-
tained at reference.

Change of climatic conditions with constant load resistance
Fig. 12 presents the evolution of some characteristics of the

system during a variation transient in solar radiation between
t=0.4s and t=0.6s for G=200W/m2. It can be seen that the reg-
ulation of the DC link voltage is maintained at a constant level
Vref=48V, It has to be said that this is an extreme change in so-
lar radiation levels that is unlikely to occur but shows the good
performance of the controller.

Standard test conditions (T = 25◦C and G = 1000 W/m2) with
varying load resistance

Fig. 13 presents a zoom-view of characteristics of the system
during a variation transient in load resistance between t = 0.06s,
R = 82Ω and t = 0.1s, R = 20Ω for G = 1000W/m2. The output
voltage is achieved quickly after the transient period following
each change in values of load resistance.

For all the results above, the DC-DC regulator system includ-
ing a buck converter power stage and a feedback network is able
to maintain the output voltage at the reference voltage and robust
to the variation of the external conditions.
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Fig. 11. Simulation results under Standard test conditions and constant load re-
sistance

7. Conclusion

Photovoltaic system, DC-DC buck converter, DC-DC regula-
tor and battery models have been described. From the proposed
design, the buck converter is able to produce a constant output
voltage of 48V from an inconstant PV array voltage Simulation
studies demonstrate that the use of a simple DC-DC buck con-

Fig. 12. Simulation results under change of climatic conditions and constant load
resistance

verter gives better adaptability to the variable radiation condi-
tions, and the optimized parameters of PID controllers show a
better response curve to control the output voltage. Therefore, it
can be attach to a grid connected system, as developed in [10],
for future works.

The DC solution features a simpler and more robust primary
control, as compared to AC micro-grids, where the control
is much more complex because it has to consider active and
reactive power flaw and phase synchronization or phase loss [11].
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Fig. 13. Simulation results under Standard test conditions with varying load re-
sistance
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