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Abstract: The constant voltage (CV) for maximum power point tracking (MPPT) technique is considered one of the most
commonly used techniques in the photovoltaic (PV) applications. This study is aimed at proposing an adaptive reference
voltage-based MPPT technique (ARV) to improve the performance of the CV technique by making it adaptable to weather
conditions. The RV for MPPT is adapted according to the measured radiation and temperature levels. The operating range of
the radiation at a given temperature is divided into number of divisions and the corresponding RV is recorded off-line in a truth
table. The difference between the reference and measured PV voltages is compensated using proportional–integral controller to
generate suitable duty ratio to the boost converter. Performance assessment of the CV technique after being improved covers
time response, MPPT efficiency, oscillation and stability. The results present performance improvement by fast time response to
reach steady-state value, more stable operation with no oscillation and high MPPT efficiency as compared with the CV
technique without the proposed improvement.

1 Introduction
Recently, the world energy demand is increasing due to the
increase in technology development, standard of living and world
population. In addition, the energy generation from clean, efficient
and environmentally friendly sources has become one of the major
challenges for engineers and scientists, due to the limited reservoirs
of fossil fuels and emission of greenhouse gases. Renewable
energy is expected to have large potential as an alternative energy
source without constraint on energy supply or greenhouse gas
emissions [1–3].

At present, photovoltaic (PV) generation is assuming increased
importance as a renewable energy application because of
distinctive advantages such as simplicity of allocation with no fuel
cost, low maintenance, lack of noise due to the absence of moving
parts and declining prices and increasing efficiency of solar cells
[4–8].

1.1 Problem formulation

Fig. 1a shows that the power generated by PV module is dependent
on a number of atmospheric conditions (solar radiation and
temperature) and the load resistance R; there is a specific load Rmax,
which can capture maximum available power Pm at given
atmospheric conditions, Fig. 1a. To follow weather variations to
seek maximum available power, an interface DC–DC converter has
to be used and controlled by suitable maximum power point
tracking (MPPT) technique in order to change the PV operating
point to be at the MPP and to make the PV module seeing the
connected load as its Rmax [2, 9, 10]. Among all the MPPT
techniques, the constant voltage (CV) technique is one of the most
commonly used techniques in PV applications. Therefore, the
purpose of this work is to improve the performance of the CV
technique for making it adaptable to weather conditions in tracking
MPP. The five-parameters precise model of the PV module and the
boost converter model including all the uncertainties (parasitic
resistances, rl for inductor, rc for capacitor and rd for diode) are
considered for the investigated PV system seeking more precision
of the proposed MPPT technique. Thus, this paper is organised as

follows: review on CV technique-based MPPT is presented in
Section 2. Followed by the proposed adaptive reference voltage
(ARV)-based MPPT technique in Section 3. Next, system
configuration is described in Section 4 to assess the performance of
the CV technique after being improved. After that, the results and
discussion are presented in Section 5. Finally, the conclusions of
the paper are reported in Section 6. 

2 Review on CV technique-based MPPT
Over 60 decades until nowadays, the MPPT techniques were
investigated through more than about 100 scientific research
documents [9]. The differences among them are in many aspects,
e.g. accuracy, simplicity, velocity, hardware implementation,
sensing elements, range of effectiveness, need for parameterisation
and financial view. The proposed techniques can be broadly
classified as short-current pulse [11–13], incremental conductance
[14–16], hill climb [17–19] and CV [20–28]. There are another
MPPT techniques, which depend on estimation technique [29, 30]
or on an artificial intelligence algorithms [4, 31]. The performance
of different MPPT techniques was compared before [2, 9, 10, 26,
32]. They claimed that most of the presented techniques in the
literature suffer from the drawback of poor stability with a
possibility of producing oscillations in output power due to the
highly non-linear characteristics of the PV module. In addition to
that, the conventional techniques such as hill climb [17–19] cannot
quickly acquire the MPPs for the power generated by PV modules.
This concludes that the CV technique is the simplest MPPT
technique compared with those presented before [20–28], as it uses
one sensor with no need for complicated computation. The CV
technique uses proportional–integral (PI) controller, Fig. 2a, which
makes its performance fast and robust. Moreover, the PI controller
is used to determine the duty ratio d of the DC–DC converter by
regulating the error signal between module output voltage and aRV
Vref. According to [20, 21, 24, 26, 28], the CV technique utilises
empirical results, indicating that the voltage at the MPP Vm is
about 70 − 80% of the solar cell open-circuit voltage. This provides
a reference to which the output voltage can be forced to track.
Measurement of the open-circuit voltage calls for a momentary
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interruption of PV power. In an attempt [22, 23], the solar module
source was configured to sample its open-circuit voltage without
breaking the entire source from the load. Some investigators [25,
27] used CV technique, where Vref is assumed a fixed value for the
MPP voltage equal to the value measured at standard test
conditions (STCs) provided by the manufacturer of the PV module.
This assumes that weather variations are insignificant to affect the
module output voltage. 

The above survey concludes the main problems with
conventional CV-based MPPT technique, which are either it
requires a momentary interruption of PV power, or it assumes that
radiation and temperature variations are insignificant to affect the
generated power from the PV module. These problems result
wasting significant part of the available power.

3 Proposed ARV-based MPPT technique
This section proposes an ARV-based MPPT technique in order to
take the weather variations into consideration without any
interruption for the PV generation system.

For the same operating temperature, Fig. 1b represents typical
PPV − VPV curves for a PV module at ascending radiation levels
with constant increment. It depicts that the range of Vm over this
operating radiation range is small as shown between two black
vertical straight lines. The span between two successive radiation
levels is so small to the extent that Vm for any radiation level
within the span could serve as the RV Vref for the PI controller. The
maximum voltage Vm for each span is recorded off-line in a truth
table and is used as the RV to adjust the duty ratio of an MPPT
converter, Fig. 2b. The proposed ARV technique does not
necessitate momentary interruption of PV module and takes into
consideration the weather conditions by measuring the temperature
and radiation levels using two extra sensors when compared with
the classical CV technique, which uses only one sensor for voltage
measurement. This represents an improvement of the CV technique
and makes it as ARV-based MPPT technique.

The advantages of the proposed ARV technique are clearly
presented in Section 5, especially when compared with the well-
known perturb and observe (P&O) technique [9], as shown in
Fig. 8b. Moreover, this ARV technique calls for simple
computations when compared with complicated computations as
proposed by others [3] for MPPT. It is quite clear that the smaller
the span the higher is the MPPT efficiency being defined in detail
in Section 5. This calls for increasing the size of the truth table.
However, this does not represent a disadvantage in the light of
huge memories, which are currently available for data storage of

the controller. Even though, it uses two extra sensors more than the
CV technique and one extra sensor more than the P&O technique,
which uses two sensors. However, this is compensated by
increasing the MPPT efficiency and the PV system stability as
presented in Section 5.

The gains of this PI controller (Kp and Ki) are determined by
trial and error approach that results (Kp = 8.5 and Ki = 85). For
trial and error approach, there are some rule of thumb for the effect
of Kp and Ki on the system performance [33]. Kp decreases rise
time, increases overshoot and reduces steady-state error (SSE);
while Ki increases rise time, decreases overshoot, increases settling
time and eliminates SSE. Some general tips to follow are: (i) obtain
an open-loop response and determine what needs to be improved.
(ii) Add a P control to improve the rise time. (iii) Add an I control
to eliminate the SSE. (iv) Adjust each of Kp and Ki until obtaining
a desired overall response. The procedure for selecting Kp and Ki is
described in Appendix 1.

4 System configuration
The proposed system comprises a PV module feeding a resistive
load through pulse-width modulated boost converter.

4.1 PV module

PV models can be categorised into two main types: double- and
single-diode models [34], which are illustrated in Fig. 3. The
double-diode model is characterised by its high accuracy [35];
however, it suffers from low computational speed as it is relatively
complex [34]. Thus, the single-diode model is the most commonly
used in power electronics simulation studies, because it offers a
reasonable trade-off between accuracy and simplicity [36, 37]. In
addition, its parameterisation depends only on provided
information by data-sheet [30, 34, 37, 38]. The single-diode model
shown in Fig. 3 consists of a current source, a diode and series and
parallel resistances. The characteristics of PV module can be gotten
from the second Kirchhoff law as [39]

I = Iph − Io exp
V + I × Rs

ns × V t
− 1 −

V + I × Rs
Rsh

(1)

where V and I are the voltage and current of the PV module,
respectively; the five parameters (from which the five-parameters
model obtains its name) are Iph, Io, V t, Rs and Rsh; Iph and Io are the
photo-generated current and the dark saturation current,

Fig. 1  PV module characteristics
(a) IPV − VPV characteristic, (b) Typical PPV − VPV curves at varying radiation levels

 

Fig. 2  Schematic block diagram of
(a) CV MPPT technique, (b) ARV MPPT technique
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respectively; V t is the junction thermal voltage; Rs and Rsh are the
series and shunt resistances, respectively; and ns is the number of
series connected cells in the module. The junction thermal voltage
of the diode is related to the junction temperature as:
V t = (k × T × A/q) where k is Boltzmann's constant, T is the
junction temperature, A is the diode quality factor and q is the
electron charge. The model represented by (1) has five unknown
parameters: Iph, Io, V t, Rs and Rsh. The objective is to estimate these
parameters under STC, and also under varying environmental
conditions from data-sheet information provided by the
manufacturer of this module. The data-sheet provides other four
parameters at STC including short-circuit current Isc, open-circuit
voltage Voc, operating voltage and current at MPP (Vm, Im),
Fig. 1a, and the number of cells ns in the module connected in
series. Sometimes, ns is not given in the data-sheet. An
approximate estimate of ns was given as equal to: ns ≃ (Voc/0.6).
This is because the Voc ≃ 0.6 V for a single solar cell [40]. 

Substitution of the data-sheet points (0, Isc), (Voc, 0) and
(Vm, Im) in (1) formulates three equations in the five unknown
module parameters. The fourth equation is obtained at the MPP
where dP/dV is equal to zero, where the output power P is
obtained by multiplying (1) by the terminal voltage V. The fifth
equation is concerned with the determination of the shunt
resistance Rsh. Rsh was approximated as equal to inverse of the
slope dI /dV at (0, Isc). Simultaneous solution of the five
formulated equations using Gauss–Seidel method [41] determines
the five unknown parameters of the PV module at STC. The
influence of temperature (T) and radiation (G) on the parameters is
expressed in Appendix 2 [30, 38].

4.2 Boost DC–DC converter

If the load directly coupled to the PV module, then it may capture
the available maximum power or not depending on its resistance.
Hence, this is compensated by an interface electronic device (DC–
DC converter) that is used to operate as variable equivalent load as
seen by the PV generation. The converter's duty ratio is used to
adjust the equivalent load resistance as seen by the source, to
transfer Pm from PV module to load demand. The three basic real
topologies of DC–DC converter are buck, boost and buck–boost.
Boost is used in this paper, as it is commonly used to boost the
output PV voltage to be suitable with grid tie which is the most

application of PV generator [42, 43]. Fig. 4a shows a typical
schematic block diagram to extract Pm from PV module using
boost converter. The boost mathematical model is carried out by
solving its governing (2) and (3) that are based on the state-space
average method [44], which was successfully applied to pulse-
width modulated power converters [45]. This method models
switched converters as time independent systems, defined by a set
of differential equations. Therefore, it can be a convenient
approach for designing controllers to be applied to switched
converters. As the boost converter contains two electrical storage
elements (inductor L and capacitor C), Fig. 4b. Therefore, two
governing equations expressing the inductor current il and
capacitor voltage vc are written as [44]: (see (2)) 

dvc
dt = 1

(R + rc) × C × [ − vc + R × (1 − d) × il] (3)

where vm and vd are switch and diode forward voltages. V i is the
adjustable input voltage to the converter. The output voltage of the
boost converter is expressed as [44]

Vo = R
(R + rc)

× vc +
R × rc

(R + rc)
× (1 − d) × il (4)

The inputs of boost mathematical model are V i as obtained from
PV mathematical model and d (duty ratio) as obtained from PI
controller, while the outputs are inductor current and capacitor
voltage.

4.2.1 Boost converter design: The designing of boost
parameters (L, C and diode) depends mainly on the available Pm
from PV module and the connected load. The crucial quantities in
the design of a boost circuit are inductor current ripple (ΔIl) and
output voltage ripple (ΔVo).

For inductor selection [46]

L =
V i × (Vo − V i)
ΔIl × f s × Vo

(5)

where V i and Vo are the typical input voltage and desired output
voltage, respectively. f s is the minimum switching frequency of the
converter. ΔIl is normally 20–40% of the output current. It is
expressed as [46]

ΔIl = (0.2 to 0.4) × Io − max ×
Vo
V i

(6)

Fig. 3  Equivalent circuits of double- and single-diode models
 

dil
dt =

−(rl + rm)
L × d +

−R × (rc + rl + rd) + rc × (rl + rd)
L × (R + rc)

× (1 − d) × il

+ −R
L × (R + rc)

× (1 − d) × vc +
V i − vm

L × d +
V i − vd

L × (1 − d)
(2)

Fig. 4  Details of MPPT system
(a) Block diagram, (b) MATLAB/Simulink model of boost converter
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where Io − max is the maximum output current necessary for the
load. However, this study estimated ΔIl = 20% to ensure
continuous operation mode and to guarantee the lowest output
voltage ripple [46, 47].

For diode selection, the average forward current rating If
needed is equal to Io − max.

For capacitor selection [46]

Co − min =
Io − max × d
f s × ΔVo

(7)

where Co − min and ΔVo are the minimum output capacitance and
the desired output voltage ripple, respectively. The latter is selected
in this study equal to 10 mV where the maximum allowed ΔVo is
equal to 75 mV [48].

5 Results and discussion
To verify the performance of the proposed system as shown in
Fig. 4a, it is simulated numerically by MATLAB (R2013b, 64 bit
version) software using resistive load (R = 50 Ω). The case study is
BP-MSX120 PV module, its specifications are tabulated in
Table 1(a), where κi is the temperature coefficient of Isc and κv is
the temperature coefficient of Voc, and the parameters of boost
converter are grouped in Table 1(b). 

5.1 PV characteristics

The proposed PV mathematical model is compared by power
system simulator (PSIM)-based PV model, and the empirical
curves associated with BP-MSX120 data-sheet through I–V
characteristic at STC. The maximum deviation does not exceed
±0.5%. The electrical characteristics of the PV module are
demonstrated by I–V and P–V curves in Figs. 5a–c. The radiation
and temperature influence the I–V characteristics as shown in
Figs. 5a and b, respectively. Fig. 5a shows that both the short-
circuit current and the open-circuit voltage increase with the
increase of the radiation level. The short-circuit current increases

linearly with the radiation level. However, the open-circuit voltage
increases logarithmically with the radiation level. Fig. 5b shows
that the open-circuit voltage decreases and the short-circuit current
increases marginally with the increase of the operating
temperature. Fig. 5c points out that the maximum output power
increases with the increase of the radiation level. Figs. 5a–c show
good agreement of the present PV module and that of PSIM. 

5.2 Boost converter simulation

The proposed boost mathematical model is checked using
MATLAB/Simulink, Fig. 4b. The solver of this model was ode45
(Dormand–Prince) with variable-step.

Fig. 5d shows the temporal variation of the converter output
voltage as obtained by the proposed mathematical model. The
agreement of the present computed temporal variation with that
obtained using Simulink is very satisfactory, Fig. 5d.

Fig. 6a shows a surface [three-dimensional (3D) plot] giving
PV MP Pm as influenced by radiation and temperature. This
surface indicates that the available Pm from PV module increases
with increase in radiation level and moderate temperature.
Obviously, the radiation effect on PV power is dominant with
respect to temperature. Therefore, the coming results are limited to
the radiation effect only. 

This paper divides radiation levels into 19 divisions 50, 100, …
up to 1000 W/m2. The voltage Vm corresponding to the MP is
calculated off-line for each division. A sample of the values of Vm
at standard temperature T( = 25∘C) is recorded in Table 2. 

The steady-state and transient performance of the proposed
ARV and CV techniques along with its computed efficiency are
investigated for the radiation profile as shown in Fig. 6b. It is
worthy of mention that Vref for the CV technique is selected as Vm
from the data-sheet of the PV module that provided by the
manufacturer [25]. Figs. 6c–7 show the increase of the output
power PPV and the decrease of the time tss to reach the steady-state
value as predicted by the proposed ARV technique when compared
with those obtained by the CV technique. The increase of PPV and
the decrease of tss are reported in Tables 3 and 4, respectively. The
increase of PPV reached 1.63% for the ARV technique with respect
to the CV technique. The time tss assumed 150 ms for the ARV
technique against 400 ms recorded by the CV technique for
radiation of 400 W/m2. For radiation levels 700 and 800 W/m2, tss
reached 3 ms for the ARV technique against 200 ms for the CV
technique. 

The MPPT efficiency ηMPPT was expressed before as [26, 49]

ηMPPT =
∫ PPV(MPPT technique) dt

∫ PPVmax
(data − sheet) dt (8)

The numerator of (8) is the computed output power based on the
CV or the ARV technique. The denominator is the maximum
output power computed using the module data-sheet after being
corrected according the solar radiation and temperature.

Fig. 8a shows a histogram giving the increase of ηMPPT for the
ARV technique when compared with that obtained by the CV
technique at different radiation levels. This increase of MPPT
efficiency is significant at low radiation levels and decreases
gradually with the increase of the radiation level as shown in
Fig. 8a. It is quite clear that PPV and tss have the same values for
both the CV and the ARV techniques at 1000 W/m2, Tables 3 and
4. This is simply attributed to the same Vref for both techniques.
The MPPT efficiency value obtained by the ARV technique can be
increased if the number of the radiation divisions for the truth table
increases higher than 19 depending on the available controller
memory. For more improvement of tracking efficiency, more
complex MPPT techniques would be required. 

Sometimes the daily solar radiation assumes abrupt variations.
This is why the performance of the proposed ARV technique under
some abrupt radiation variations is investigated and compared with

Table 1 Key specifications
Parameter Value
(a) BP-MSX120 module
Pm 120 W

Vm 33.7 V

Im 3.56 A

Isc 3.87 A

Voc 42.1 V

κi and κv 0.065 and −0.16

ns 72

Iph − ref and Io − ref 3.871 and 4.47 × 10−7 A
Rs and Rsh 0.4471 and 1750 Ω

V t 0.0366 V

(b) Boost converter
V i adjustable

d controllable
L 0.05 H
rl 0.2 Ω

C 33 μF
rc 0.1 Ω

vm 0.07 V

rm 0.01 Ω

vd 0.71 V

rd 0.01 Ω
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the well-known P&O technique [9], as shown in Fig. 8b. This
figure shows that the temporal variation of PPV follows that of the
radiation level. The tracking of the proposed technique is not
affected greatly by radiation transients due to the fast response of
the PI controller compared with variation of the radiation. This
figure shows that the proposed ARV technique is faster when
compared with the P&O technique in capturing the MPP. The

proposed technique is free from any oscillations as associated with
the use of the P&O technique. Moreover, the P&O technique tracks
the MPP only at distinct instants when the PV module is exposed
to a radiation profile with fast rate of change. On the contrary, the
proposed technique captures the MPP irrespective of the rate of
change of the radiation profile. To validate the robustness of the
proposed technique, a comparison is made in Fig. 8c between the

Fig. 5  PV module and boost converter characteristics
(a) IPV – VPV curves as influenced by radiation, (b) IPV – VPV curves as influenced by temperature, (c) PPV – VPV curves as influenced by radiation, (d) Temporal variation of
the boost output voltage

 

Fig. 6  PV module output power
(a) Surface (3D plot) between two inputs (T and G) and one output Pm, (b) Radiation profile, (c) Effect of 400 – 500 W/m2 step change of radiation, (d) Effect of 500 – 600 W/m2

step change of radiation
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proposed ARV technique and that proposed before [3]. Fig. 8c
shows variation around the MPP with less tracking accuracy [3]
while the proposed ARV technique has no oscillations and better
tracking accuracy.

6 Conclusion
i. An improvement of the CV technique is proposed to make it

adaptable to weather changes including radiation and

temperature. This is why the RV for MPPT technique is made
adaptable to weather changes.

ii. The proposed ARV technique showed an increase of the output
power PPV and a decrease of the time tss to reach the steady-
state value when compared with those obtained by the CV
technique.

iii. The proposed ARV technique showed an increase of MPPT
efficiency ηMPPT when compared with that obtained by the CV
technique at different radiation levels. This increase of MPPT
efficiency is significant at low radiation levels and decreases
gradually with the increase of the radiation level.

iv. The temporal variation of the output power PPV as predicted by
the proposed ARV technique followed that of the radiation
level even with some abrupt variations of the radiation.

v. The proposed ARV technique has no oscillations and better
tracking accuracy when compared with observed variation
around the MPP with less tracking accuracy [3].

vi. The proposed ARV technique is characterised by simple
computations when compared with complicated computations
proposed by others [3] for MPPT.

vii
.

The proposed technique captured the MPP even during fast
rate of change of radiation without any oscillations when
compared with the P&O technique.
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Table 2 Vm for T = 25∘C and G = 400:50:1000 W/m2

Radiation, W/m2 Vm, V
400 32.2803
450 32.4999
500 32.689
550 32.8545
600 32.9987
650 33.1249
700 33.2386
750 33.3393
800 33.4272
850 33.507
900 33.5785
950 33.6424
1000 33.7

 

Fig. 7  Temporal change of PV module output power as influenced by step change of radiation
(a) 600 – 700 W/m2, (b) 700 – 800 W/m2, (c) 800 – 900 W/m2, (d) 900 – 1000 W/m2

 

Table 3 PPV for CV and ARV at different radiations
Radiation, W/m2 CV, W ARV, W % difference
400 45.4 46.14 1.63%
500 58 58.44 0.76%
600 70.57 70.82 0.354%
700 83.12 83.24 0.144%
800 95.63 95.68 0.052%
900 108.11 108.12 0.01%
1000 120.55 120.55 0.00
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9 Appendix
 
9.1 Appendix 1

The trial and error approach for determining the gains Kp and Ki of
the controller is an iterative procedure of successive changing of
Kp and Ki until the response of the PV system becomes
satisfactory, i.e. zero SSE with low overshoot and short settling

time. At first, set the controller to the P-mode only (i.e. Ki = 0) and
start with small value of Kp, say 0.5. Run the PV system with
operating conditions at STC. For high overshoot, long settling time
and large SSE, increase Kp with steps equal 0.5 and observe the
rate of reduction of SSE. When the rate of SSE reduction starts to
decrease, terminate the increase of Kp and start to use Ki. Start with
small value of Ki, say 0.5, increase it in growing steps (say, by
doubling the preceding step) and check the value of SSE. When the
SSE value approaches zero, terminate the increase of Ki and switch
to use Kp by increasing its value to decrease the resulting settling
time. The procedure of switching between the increase of Kp and
that of Ki continues until a satisfactory response of the PV system
is achieved.

9.2 Appendix 2

The influence of temperature T (K) and radiation G (W/m2) on the
PV module's parameters is expressed as [30, 38]

Iph = Iph − ref × G/1000 (9)

Isc = Isc − ref × G/1000 (10)

Isc = Isc × (1 + Ki/100 × (T − 298)) (11)

Voc = ns × V t × ln
Iph × Rsh − Voc

Io − ref × Rsh
(12)

Voc = Voc + Kv × (T − 298) (13)

Io = Isc ×
Voc − Isc × Rs

Rsh
× exp

−Voc
ns × V t

(14)

Iph = Io × exp
Voc

ns × V t
+

Voc
Rsh

(15)
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