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Abstract:  An efficient, cost-effective maximum power point tracking (MPPT) technique is required to enhance the 
energy utilization efficiency of photovoltaic (PV) systems. Hill climbing (HC) technique based MPPT seeking 
available max power is commonly utilized in the literature (as its simplicity, low-cost and ease of implementation) 
but no clear criteria for its performance. This paper investigate deeply the performance of this technique in 
capturing MPP for different irradiation profiles such as step up followed by step down and vice, ramp up followed 
by ramp down and vice and violent variation in form of sinusoidal variation, various perturbation steps, load 
variations then operation at low and high irradiance levels. In addition, this study presents mathematical model of 
a PV system including all PV uncertainties (parallel and series resistances) and parasitic resistances of boost 
converter. The results demonstrate that they have not constant values but change from condition to another even 
they disappear in certain conditions, and they happen due to not only perturbation step size but there are other 
reasons. Moreover, the mathematical model conserves simulation time by 20 times of SIMULINK model and 
provides deep understanding the operation principles.   
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1. INTRODUCTION  

RECENTLY, the need for energy is increasing non-linearly day by day due to development of the technology, 
increasing of standard living and world population rising. In addition, the energy generated from clean, efficient, 
and environmentally friendly sources has become one of the major challenges for engineers and scientists. 
Renewable energy is expected to have large potential as an alternative energy source without constraint on 
energy supply or greenhouse gas emissions. At present, photovoltaic (PV) generation is assuming increased 
importance as a renewable energy application because of distinctive advantages such as simplicity of allocation, 
absence of fuel cost, low maintenance and lack of noise due to the absence of moving parts. Furthermore, the 
solar energy characterizes a clean, pollution free and inexhaustible energy source. In addition to these factors are 
the declining cost of solar modules, an increasing efficiency of solar cells, manufacturing technology 
improvements and economies of scale. Not only but also, Solar energy as one of the most significant forms of 
renewable energy sources has drawn a lot of attention as there is a belief it can play a very important role in 
meeting a major part of our futures need to energy. Generally, PV generation systems have a worldwide industrial 
yearly growth of around 40% (Engineering, Ahmad, & Singh, 2013)(Sefa, Altin, Ozdemir, & Kaplan, 
2015)(Hedayatizadeh et al., 2013)(Teja, Challa, & Raghavendar, 2012). 

                        Figure 1:  I-V Characteristics                                                   Figure 2:  Rmax According to Weather Conditions. 

1.1. Problem Overview 

As shown in Figs. (1-2), nonlinearity of the PV cell electrical properties. Moreover, the fact that the power 
generated by PV module is heavily dependent on a number of atmospheric conditions (solar irradiance and 
temperature), and nonlinearity of load condition; Variations of radiation and temperature force PV cell works on 
certain I-V curve, see Figs. (6,7). As well, there is a specific load (Rmax) can capture max available power from 
current atmospheric condition. First, to operate on the load issue, it is not logical to change the load on PV to get 
max power, so an interface electronic device (DC-DC converter) is used to make PV see the connected load as 
its Rmax. Next, in order to work with unexpected atmospheric conditions, the way is MPPT. The techniques of 
MPPT are needed to maintain the PV modules operating point at its highest efficiency regardless the weather 
conditions (Esram  Pl;  PN  - IC  -, 2007)(Dolara, Faranda, & Leva, 2009)(Faranda, Leva, Milano, & Leonardo, 
2008). Among all the scientific researchers are related to MPPT, hill climbing has much focus (Haque, 2014)(Liu, 
Kang, Yu, & Duan, 2008)(Xiao & Dunford, 2004). This is due to simplicity, ease of implementation, and low cost. 
Hill climbing perturbs the PV module by changing the power converter duty ratio and observes its impact on the 
PV module output power, and then deciding the new direction of the duty ratio to extract maximum power. This 
technique has been the subject of many investigations in the literature, there is general agreement over the main 
relative demerit that the inherent perturbation of the PV operating point around the maximum power point (MPP) 
for the hill climbing technique reduces the energy outcome too much (Liu, Duan, Liu, Liu, & Kang, 2008)(Sera, 
Teodorescu, Hantschel, & Knoll, 2008). All the authors in (Femia, Petrone, Spagnuolo, & Vitelli, 2004)(Haque, 
2014)(Abuzed, Foster, & Stone, 2014)(Kjær, 2012)(Sera D Teodorescu R, 2007) studied how to reduce 
oscillations related to HC technique, but no one gives a clear idea about factors affect on them and they have 
constant values or change from condition to another. Therefore, the purpose of this paper to investigate deeply 
the performance of HC technique based MPPT seeking MPP in order to highlight exactly its weakness points, 
especially the factors affected the oscillations related to HC technique. In addition, this study presents a proper 
mathematical model for PV system including all uncertainties (parallel and series resistances of PV module) and 
parasitic resistances of boost converter. Due to, a precise system model is the basis to increase the precision of 
the results of the presented work, the five - parameters electrical model of PV module (defined in detail is 
section2.1) and the accurate mathematical model including all the uncertainties (parasitic resistances) for the 
boost converter (defined in detail is section 2.2) are selected for the proposed system. Thus, this study has 
organized as following; System modeling is described in section 2. Followed by the results and discussion that 
are in section 3. Then, section 4 finished this study by conclusions. 
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   Figure 3:  Equivalent circuits of double and single diode models.     Figure 4:  Schematic diagram of PSIM based PV module. 

2. SYSTEM MODELING 

2.1. PV Mathematical Model 

PV models can be categorized into two main types, double diode models and single diode models (Mahmoud, 
Xiao, & Zeineldin, 2013), which are illustrated in Fig. 3. The double diode model is characterized by its high 
accuracy (Campbell, Member, & Background, 2007); but, it suffers from low computational speed as it is relatively 
complex (Mahmoud et al., 2013). 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 (Kadri, Gaubert, & 
Champenois, 2011)(Villalva, Gazoli, & Filho, 2009). In addition, its parameterization depends only on provided 
information by data-sheet(Chatterjee, Keyhani, & Kapoor, 2011)(Kadri et al., 2011)(Mahmoud et al., 2013)(Sera D 
Teodorescu R, 2007). The single-diode model as shown in Fig. 3, it consists of a current source, a diode, and 
series and parallel resistances. The characteristics of PV module can be gotten from the 2nd Kirchhoff law: 

 

Where V and I are the voltage and current of the PV module respectively; Iph and Io are the photo-generated 
current and the dark saturation current respectively; Vt 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 thermal 
voltage of the diode is related to the junction temperature as: Vt = kTA/q, where k is Boltzmanns constant, T is the 
junction temperature, A is the diode quality factor, and q is the electron charge. The model represented by Eq. 1 
has five unknown parameters: Iph, Io, Vt, Rs, and Rsh. The PV modeling objective is to estimate the model 
parameters under standard test conditions (STC), and also under varying environmental conditions from data-
sheet information provided by the manufacturer of the module. PV data-sheet provides only four information about 
the output electrical characteristics of their PV modules at standard test conditions (STC), which are short-circuit 
current Isc, open circuit voltage Voc, operating voltage and current at MPP (Vmp; Imp), and the number of cells 
ns in the module connected in series, see Fig. 1. However, some do not provide ns; Hence it can be 
approximated as: ns   Voc /0.6; Where for a single solar cell Voc   0.6 Volt. Estimation of PV parameters depends 
mainly on information at these points. Where, three relations are obtained by substituting these in Eq.1. Moreover, 
the fourth relation is implicitly obtained as the peak of P-V curve occurs at the voltage point (Vmp). Then, the fifth 
relation is got by approximating that the shunt resistance Rsh equals to inverse of the slope at (0, Isc)(Chatterjee 
et al., 2011)(Sera D Teodorescu R, 2007). Hence, the PV model is obtained under STC. After that, the influence 
of temperature (T) and radiance (G) is compensated by Eqs. (2 - 8) (Chatterjee et al., 2011)(Sera D Teodorescu 
R, 2007). 

 
Where, T (K) and G (W/m2). Also, Eq. 5 is solved using Gauss-Seidel method. Now, the PV characteristics can 
be presented using Eq. 1. The case study is BP-MSX120 PV module, its data are tabulated in table 1. 
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  Table 1: Key specification of BP-MSX120 module (Msx, 2002)                      Table 2: Key specification of Boost. 
 

Parameter Variable Value 

Maximum power Pm 120 W 

Voltage at Pm Vmp 33.7 V 

Current at Pm Imp 3.56 A 

Short circuit current Isc 3.87 A 

Open circuit voltage Voc 42.1 V 

Temperature coefficient of Isc ki 0.065 

Temperature coefficient of Voc kv - 0.16 

No. of cells in series ns 72 

Series resistances Rs 0.4471 ohm 

Shunt resistances Rsh 1750 ohm 

Junction thermal voltage Vt 0.0366 V 

 
 

 

                   Figure 5: (I-V) Characteristic-STC.                                                 Figure 6: I-V Curves, Radiation Effect. 

 

                       Figure 7: I-V Curves, Temperature Effect.               Figure 8: P-V Curves, Radiation Effect. 

PV Simulation 

Fig. 4 presents the electrical model of BP-MSX120 PV module formed from the PSIM software package. This 
model based on PSIM built-in solar module. The 5000 F capacitor is used as variable resistor. The proposed PV 
mathematical model is compared by PSIM Based PV Model, and the empirical curves associated with BP-

MSX120 data sheet through I-V characteristic at STC. Where, the max deviation does not exceed  0.5% as 

Parameter Variable Value 

Input Voltage Vg adjustable 

duty ratio d controllable 

Inductor Inductance L 0.05 H 

Inductor Resistance rl 0.2 ohm 

Capacitor Capacitance C 33 microF 

Capacitor Resistance rc 0.1 ohm 

Switch Forward Voltage vm 0.7 V 

Switch Resistance rm 0.01 ohm 

Diode Forward Voltage vD 0.71 V 

Diode Resistance rD 0.01 ohm 

Load Resistance R 100 ohm 
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shown on Fig. 5. The electrical characteristics of PV module are demonstrated by I-V and P-V curves on Figs. 6-
8. The radiation and temperature influences on the I-V characteristic has been verified by plotting the curves for 
different irradiations and temperatures on Figs. 6 and 7 respectively. On one side, Fig. 6 shows that, with the 
increase in irradiance level, both short circuit current and open circuit voltage increase. However, according to the 
theory, the short circuit current shows a linear dependence with the irradiation. Although, the open-circuit voltage 
increases with the irradiation logarithmically. On the other side, Fig. 7 shows that, as the operating temperature 
increases, open circuit voltage decreases whereas short circuit current increases marginally. Fig. 8 points out 
that, the increase in irradiance level is followed by increasing of the maximum output power from PV module. Figs 
6-8 gives a clear comparison between mathematical and PSIM models with very good agreement results. 

2.2. Boost Mathematical Model 

If the load directly coupled to PV, then it may capture the available max power or not depending on its resistance. 
Fig. 2 shows a plot between PV influential weather conditions, and suitable load corresponding to available 
maximum power Rmax  Pmax. It points out the unlimited required Rmax to enable PV system to feed the 
available Pmax, and the nonlinearity of Rmax with weather conditions. 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. The 
converter's duty ratio is used to adjust the equivalent load resistance as seen by the source, to transfer Pmax 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 study, 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(Bacha, Munteanu, & Bratcu, 2014)(Ramanarayanan, 2008). Fig. 9 
shows a typical schematic block diagram to extract Pmax from PV module using boost converter. The governing 
equations of boost converter is based on the state space average method (Modabbernia, Sahab, Mirzaee, & 
Ghorbany, 2011). The proposed model is not considered to be ideal, but includes all the uncertainties that are 
always neglected in conventional models. Thus, the proposed model can be considered significantly more 
accurate than the conventional model in simulating the boost converter. Hence, the device contains two electrical 
storage elements. Therefore, there are two governing equations:  

 

The parameters of equations (9-10) are defined in table 2. The main inputs of boost mathematical model are Vg 

obtained from PV mathematically model and d (duty ratio) obtained from MPPT controller, and outputs inductor 
current as input to PV mathematically model. The parameters of boost are grouped in table 2. 

Boost Simulation 

The proposed boost mathematical model is checked using matlab-SIMULINK, and the value of voltage gain. The 
solver of this model was ode45 (Dormand-Prince) with variable-step. The boost voltage gain is obtained from the 
relation relating its i/o voltages through duty ratio (d) that is governed by applying volt-sec balance on inductor 
(Ramanarayanan, 2008): Vo = Vg/(1-d) . However, when the parasitic resistance of the inductor (rl) and the source 
resistance (rg) are considered, the voltage gain goes down (Ramanarayanan, 2008):  

 

Fig. 10 clarifies the very good agreement between results of the boost models either Mathematical or matlab-
SIMULINK. Moreover, by neglecting rg and applying last relation, VO  94 Volt that is very close to the obtained 
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results and ensures the voltage gain is larger than unity. Hence, it guarantees the accuracy of the proposed 
mathematical model of the boost converter. 

  

Figure 9: Block diagram of a typical MPPT system                   Figure 10: Output Voltage of Boost Converter. 

 

 

 Figure 11: PV Power during 400 W/m2        Figure 12: PV Power during 700 W/m2            Figure 13: Efficiency vs Radiation. 

3. RESULTS AND DISCUSSION 

The performance of the proposed system is analyzed by simulating it using matlab software. The effectiveness of 
the proposed system with HC seeking MPP is confirmed by comparing with directly coupled as shown on Figs. 11 
- 12. They describe the PV module Pout under both schemes during 0.4 and 0.7 kW/m2 irradiance respectively. It is 
obviously that, the PV Pout is increased around 2.33 and 4 times during each irradiance level with controlled 
scheme respectively. Hence, the proposed controlled system is very effective compared to directly coupled with 
MPPT efficiency over 99% as depicted on Fig. 13. Where MPPT efficiency is calculated as: 

 

By comparing the available Pmax from PV module with changing levels of both irradiance and temperature; the 
results found that for T = 25oc and G = 100:1000 W/m2, Pmax increased by 12 times. On the other side, for G = 
1000 W/m2 and T = 20:50oc, Pmax decreased only by 1.12 times approximately. Thus, the radiation effect on PV 
power is more sensitive with respect to temperature one. Therefore, this study considered only radiation effect. 
The mathematical model is founded that, it reduces the simulation time by around 20 times of the SIMULINK 
model, this is using PC of processor (Intel(R) Core(TM) i7-4770 CPU @ 3.40GHZ) and installed memory (RAM) 
12.0GB with system type of 64-bit operating system. Besides, it is founded that including the PV uncertainties is 
more important than that of boost converter. Where the deviations for each is around 5% and 0.3% respectively. 
In order to study the proposed PV-boost system with HC based MPPT deeply, the study covered different 
radiation profiles, variable perturbation steps, unexpected load variations then operation at low and high 
irradiance levels. Due to, the daily solar radiation characterizes by its abrupt variations that can occur over short 
time intervals. For this reason, the analysis presented in this study supposes that solar irradiation changes 
according to the profiles shown on Fig. 14. In addition, the perturbation step is assumed to be 0.0015; 0.001 and 
0.0005 with radiation change from 0.7 to 0.9 kW/m2. Besides, the load is suggested to change with 50% up and 
down at constant radiation 0.7 kW/m2 as depicted on Fig. 15. The operation at low and high irradiance levels is 
assumed among 0.3, 0.6 and 0.9 kW/m2 as presented on Fig. 16. The Pout of PV module are presented where: for 
different radiation profile on Figs. 17 - 22, for different perturbation steps on Fig. 23, for different load conditions 
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on Fig. 24 and for different irrediance levels on Fig. 25. As shown on Figs. (17-22), the Pout of PV with red color 
and PPV max with black color, Pout follows the radiation trend with high agreement even under rapid and sharp 
variations. Even though, there are always oscillations as the concept of HC technique with fixed perturbation step 
size where Pout oscillates around MPP. But, these oscillations are affected by operating and system conditions 
where: For a step increase in solar irradiance, the PV power goes up with no deflection. However, it has small 
oscillations without overshoot at reaching current steady state. But for a step decrease in solar irradiance, the HC 
technique confused as the direction of the last perturbation, but the system dynamics corrects the direction. 

           Figure 14: Different Irradiance Profiles.                     Figure 15: Load Variations.       Figure 16: Different Irrediance levels. 

 

                        Figure 17: PV Power under Profile (a).                      Figure 18: PV Power under Profile (b). 

 

                         Figure 19: PV Power under Profile (c).                                        Figure 20: PV Power under Profile (d). 
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                                    Figure 21: PV Power under Profile (e).               Figure 22: PV Power under Profile (f).  

 

 

           Figure 23: Power under Different         Figure 24: Power under Load       Figure 25: Power under Different    

P                            Perturbation Steps.                                                Variation.                                                    Irrediance. 

Finally, it oscillates with undershooting before reaching its new steady state. For a ramp increase in solar 
irradiance there are low oscillations, while a ramp decrease, the oscillations disappear. Fig. 23 depicts the 
perturbation step size has influential role on generated power, where larger step increases rising time and 
oscillations, and vice versa. So, it has to select   suitably by making trade o_ between rising time and oscillations. 
Although, PV module is connected load through boost converter, the load demand variation affects on PV power 
oscillations, where they reduce with increase of load as presented on Fig. 24. Fig. 25 demonstrates the radiation 
level effect on the oscillations value. 

4. CONCLUSION 

In this study, PV system modeling is developed mathematically for standalone PV system and the performance of 
HC technique based MPPT is assessed. The following conclusions may be drawn from the present study: 

1. The mathematical model of PV module is validated by Psim software and empirical curves associated 

with BP-MSX120 data sheet, where the max deviation does not exceed 3%. 
2. The boost converter is modeled mathematically and using matlab SIMULINK with high matching ratio. 
3. The mathematical model reduces the simulation time by around 20 times of the SIMULINK model. 
4. Including the uncertainties of PV module is more significant than parasitic resistances of boost converter. 

Where the deviations for each is around 5% and 0.3% respectively. 
5. The performance assessment of HC technique based MPPT highlights remarkable points that are: 

 The oscillations exist in ramp increasing of radiation and disappear in ramp decreasing of radiation. 

 The level of oscillations affected by not only perturbation step size (as it is common known) but also, 
the radiation level and load change although existence of boost converter in between. 

 The HC technique confuses only while a step decrease in solar irradiance, because of the direction 
of the last perturbation, but the system dynamics corrects this confusion. 
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These highlighted points from performance assessment of HC technique based MPPT benefits as an open area 
for researchers on what it is exactly in need for improving in hill climb technique. 
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