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Abstract—This paper offers a comparative analysis of 
Maximum Power Point Tracking (MPPTs) techniques under the 
spinning conditions for small satellite applications. The Nano 
Satellite (NanoSat) is constrained on volume and mass with 
body-mounted solar panels and where it is dedicated to some 
special orientation scenarios, depending on specific mission 
requirements. This results in irregular solar irradiance on the 
PV system; thus, it needs an efficient and effective strategy to 
extract the maximum power transferred to the loads in the 
NanoSat Electrical Power System (EPS). While the EPS can be 
regarded a space microgrid due to control and coordination in 
a small electric network of distributed generations (DGs), 
storage, and loads. Therefore, some well-known MPPT 
techniques are investigated where different scenarios are 
carried out among conventional Perturb and Observe (P&O), 
Incremental Conductance (IC), and Ripple Correlation Control 
(RCC) to highlight the optimal MPPT extractions for NanoSat 
applications. The system was developed and modeled in 
MATLAB/SIMULINK and the final findings demonstrate that 
the RCC provides smooth power compared to other ones, while 
the other ones offer an oscillated power under the effect of 
radiations change and spinning conditions for the system under 
test. 

Keywords—Boost Converter, Incremental Conductance, 
Maximum Power Point Tracking, Nano Satellite, Perturb and 
Observe, Ripple Correlation Control system.  

I. INTRODUCTION 

In recent years, small satellites of 1-10 kg standard Nano 
Satellites (NanoSat) have gained an enormous concentration 
from the diverse community of educational institutions, 
government organizations, and private companies; but not 
only limited to that. In this class, the Cube Satellite (CubeSat) 
is in speedy growth with dimensions of 10×10×10 cm and a 
mass of 1.33 kg known as 1 unit (1U). The CubeSat is 
extendable to further bigger units of 2U, 3U, and so on. These 
satellites provide solutions from space exploration to earth 
observation and other scientific and technological 
demonstrations mostly installed in Low Earth Orbit (LEO). 
These Nano Satellites (NanoSats) are comprised of some 
subsystems i.e., Attitude Determination and Control System 
(ADCS), Communication Transceiver (COM), Onboard Data 
Handling (OBDH) subsystem, Electrical Power System 
(EPS), and Payloads. The EPS powers the entire subsystems 
of the satellite for successful operations. In terms of power 
systems, EPS is a perfect example of a space microgrid 
comprising mainly Distributed Generations (DGs), a 
controlled coordination system, an integrated energy storage 
system, and loads [1], [2]. A typical SmallSat microgrid is 
shown in Fig. 1. However, the NanoSat microgrid is 

constrained by some regulation of mass and volume while the 
power is generated from the body-mounted solar panels. Each 
LEO NanoSat follows a dedicated orbit and an orientation as 
per the mission requirements. From some famous orientations, 
i.e., Sun-pointing, nadir-pointing, and free-orientation
scenarios [3]. The solar flux significantly varies in each
orientation on the faces of the satellite resulting in a continues
change in Nanosat’s angle toward the Sun [4]. Therefore, the
solar array at the Maximum Power Point Tracking (MPPT)
seems to be the most suitable solution for these operation
conditions, instead of the Direct Energy Transfer (DET)
option [5] [6].

Recently, several maximum power point tracking 
techniques (MPPT) have been verified for small satellites, 
deep-space probes, experiment platforms for satellites, etc. 
[7]. Specifically, for LEO SmallSats, P&O technique is 
widely applied due to its ease of implementation, tracking 
accuracy, and low complexity. However, it suffers from 
several drawbacks like oscillation near the maximum power. 
Therefore, for space applications, we examine other essential 
techniques such as Incremental Conductance (IC), and Ripple 
Correlation Control (RCC) [8].  
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Fig. 1.      A typical NanoSat microgrid. 



From the above literature review, this work proposes a 
comparative study of the conventional P&O, IC, and RCC in 
two different scenarios. In the first scenario, the effect of 
abrupt shifts of irradiance and temperature are examined in a 
transient state. In the second scenario, the Sun-pointing 
orientation for a 3U nano CubeSat with the spin of 4rpm in 
standard irradiance of 1367 W/m2 is carried out. 

The rest of the paper arrangement is as follows: Section II 
describes the main system and the important parameters for 
satellite EPS operation. In sections III, and IV photovoltaic 
(PV) system modeling and MPPT converter operation 
methods are discussed, respectively. In section V, the above-
discussed MPPT techniques are described. The results are 
shown and discussed in section VI. Furthermore, the entire 
paper is concluded in section VII. 

II. DESCRIPTION OF THE SYSTEM AND IMPORTANT 
PARAMETERS  

The system is comprised of some main parts like (a) 
Energy generation (b) DC-DC boost converter (c) Three 
MPPT techniques i.e., IC, RCC, P&O, and (d) DC resistive 
load as shown in the proposed schematic diagram in Fig. 2. 

A. Orbital Considerations

The considered orbit is at an altitude of 700 km, Keplerian
polar Sun-synchronous orbit, the most suitable low earth orbit 
for NanoSat which has a constant illumination of 1367 W/m2. 

B. PV Architecture

The NanoSat EPS architecture houses four solar panels on
its X and Y axis, each one is composed of 6-GaAs SISP triple 
junction (3-J) solar cells with an efficiency of 32% at AM0, 
1Sun, when subjected to 1367W/m2, and an average 
temperature of 28°C. The specifications of the solar panels are 
given in Table I. 

C. Orientation of the Satellite

The considered satellite orientation is Sun-pointing
orientation, as shown in Fig. 3, to analyze the incident angle 
change in time behavior of the solar radiation received on the 
different faces of the satellite. This orientation is more 
efficient than the other famous orientations [16]. Where, one 
3U face labeled as X- in the Figure is receiving Sunlight with 
maximum radiation. To achieve the mission requirements and 
to avoid the PV cells damage from the constant irradiance and 
temperature the space-craft spins axis with a rotation of 4-rpm 
during the orbit period. The harvested energy from the Sun 
irradiation by the PV panels mounted on the X and Y-axis of 
the NanoSat during a single spin is given in Fig. 4.  

III. PHOTOVOLTAIC SYSTEM MODELING
The PV system is a conversion procedure of direct Sun 

light into electricity by applying a semiconductor p-n junction 
diode. The phenomenon is described as solar radiation 

absorption, and transportation of carriers at p-n junction which 
results the flow of current at PV terminals [9]. The 3-J solar 
cells are modeled as three sub single diode model cells where 
each sub-cell is representing a single independent solar cell. 
The three equivalent solar cells are arranged in a way that 
enables them to be shrinking the gaps between the cells and 
be connected in series from top to bottom. The electrical 
performance (I-V diagram) of 3-J solar cells can be derived 
from the three sub-cells and the sum of the total cells. Each 
sub-cell possesses the same current because all sub-cells are 
connected in series. The solar panels and arrays are the 
combination of the cells in series-parallel configurations for 
the desired output voltage and current [10]. The I-V curve of 
a PV cell, array, or module as a continuous function for a given 
set of operating conditions is defined by the equivalent circuit 
known as the single diode model which is represented in Fig. 
5. The characteristics of a single diode equation for a module
or array are described by the equations:

𝐼𝐼 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝐼𝐼 �𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑞𝑞(𝑉𝑉𝑚𝑚 + 𝐼𝐼𝑚𝑚𝑅𝑅𝑠𝑠)

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠
��   (1) 

𝐼𝐼𝑜𝑜 =
𝐼𝐼𝑠𝑠𝑠𝑠 +  𝐾𝐾1 (𝑎𝑎 − 𝑎𝑎𝑛𝑛)

𝑒𝑒𝑒𝑒𝑒𝑒 �
�𝑉𝑉𝑜𝑜𝑠𝑠 + 𝐾𝐾2(𝑎𝑎 − 𝑎𝑎𝑇𝑇)�𝑞𝑞

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠
�
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Fig. 2      Schematic diagram of the system under test. 

TABLE I.      SPECIFICATIONS OF 3-U CUBESAT PV PANEL 

Name Specifications 

PV panel 
Serries connected 6 SISP 32% solar cells 

*Voc = 16002 [mV], Isc = 19.0 [mA] 
*VPmax = 14100 [mV], IPmax = 18.4 [mA] 
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Fig. 3.  The Sun-pointing orientation scenario for the case study. 
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Fig. 4.  The harvested energy in one spin from the X and Y sides. 

Fig. 5.  Single Diode Model of Practical PV. 
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𝐺𝐺
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 (3) 

Where Iph is the solar radiation generated current, Io is the 
reverse saturation current, Vm and Im are the output voltage and 
output current of the array respectively, T is the temperature 
in Kelvin and G is the Sun radiation in W/m2. 

IV. MPPT CONVERTER

The DC-DC converters are power electronic circuits 
comprised of capacitors and inductors and semiconductor 
devices, through which the applied input voltage level is 
converted into another one at the output of the converter. The 
boost converter is placed at the back end for performing the 
MPPT as a power electronic interface. Therefore, the input 
voltage is enhanced corresponding to the duty ratio offered by 
the controller. The boost converter and control system can be 
seen in the circuit of the dc/dc boost converter in Fig. 6. Since 
in the ideal conditions, the capacitor, inductor, diode, and 
switch do not consume energy, therefore, two fundamental 
conservation laws exist between the input and the output. The 
first energy balance law reveals that the input energy may be 
equal to the output energy. The second law of charge balance 
stands on the input charge equal to the output charge. Because 
the input current can only provide charge to the output side 
when the switch is open, during (1-d) T in one T-period. The 
equations are given in (4) and (5), respectively, for the first 
and second law. 

𝑃𝑃𝑖𝑖𝑛𝑛 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜  →    𝐼𝐼𝑖𝑖𝑛𝑛𝑉𝑉𝑖𝑖𝑛𝑛 =  𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜   (4)

𝑄𝑄𝑖𝑖𝑛𝑛 = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜  →    𝐼𝐼𝑖𝑖𝑛𝑛(1 − 𝑑𝑑)𝑎𝑎 =  𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜   (5)

The basic relationship can be calculated between the input 
and output voltage using Eq. (4) and (5). 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 =
𝑉𝑉𝑖𝑖𝑛𝑛

1 − 𝑑𝑑
 (6) 

Where the duty cycle d is a positive number less than 1. 
According to this relationship, it is seen that Vout>Vin.                                                      

V. APPLIED MAXIMUM POWER POINT TRACKING 
TECHNIQUES 

The main target of using MPPT approaches is to extract 
and track the maximum power from the solar cell under a 
particular radiation level by regulating the specific system 
voltage. Therefore, in this section short notes about P&O, IC, 
and RCC techniques are given. 

A. Perturb and Observe Technique

This technique is the most common in practice due to its
simplicity, ease of application, and low-cost implementation 
with a good performance. However, at the rapidly changing 
environmental time intervals the P&O algorithm get confused 
[11]. In this approach, the resulting PV current or voltage are 
periodically perturbed to observe their impact on the PV 
characteristics to attain maximum power. The system’s 
operating point is shifted toward the MPP either by increasing 
(+ve) or decreasing (-ve) the current or voltage of the PV 
array. The power variation is determined concerning the 
change in voltage and the next step of perturbation is 
calculated and the process is repeated until the peak value is 
achieved when there is no difference in power, but this does 
not occur generally. The main procedures for the P&O 

algorithm are presented in detail in [12]. If the ∆V>0 leads to 
∆P>0 then the direction of the next step is in the same 
direction otherwise it is in the opposite as, stated in Table II 
[12]. 

B. Incremental Conductance Control

This method is widely applied in PV power generation
systems due to its high efficiency of tracking and accuracy. 
The overall concept of this technique is described in the flow 
chart shown in Fig. 7. 

The IC algorithm uses the derivative P~V characteristics 
(conductance) of the PV array. The terminal voltage of the 
considered PV system is calculated relying on the 
instantaneous and incremental conductance [13]. 

𝑃𝑃 = 𝑉𝑉𝐼𝐼 

By applying the chain rule of derivatives of products, 
𝜕𝜕𝑃𝑃
𝜕𝜕𝑉𝑉 =

[𝜕𝜕(𝑉𝑉𝐼𝐼)]
𝜕𝜕𝑉𝑉

= 𝐼𝐼 ×
𝜕𝜕𝑉𝑉
𝜕𝜕𝑉𝑉

+ 𝑉𝑉 ×
𝜕𝜕𝐼𝐼
𝜕𝜕𝑉𝑉

= 𝐼𝐼 + 𝑉𝑉
𝜕𝜕𝐼𝐼
𝜕𝜕𝑉𝑉

 (7) 

And it can be as: 

𝜕𝜕𝑃𝑃
𝜕𝜕𝐼𝐼

=
[𝜕𝜕(𝑉𝑉𝐼𝐼)]
𝜕𝜕𝑉𝑉

= 𝐼𝐼 ×
𝜕𝜕𝑉𝑉
𝜕𝜕𝐼𝐼

+ 𝑉𝑉 ×
𝜕𝜕𝐼𝐼
𝜕𝜕𝐼𝐼

= 𝑉𝑉 + 𝐼𝐼
𝜕𝜕𝑉𝑉
𝜕𝜕𝐼𝐼

 (8) 

Fig. 6.  Global system scheme for MPPT. 

TABLE II.        TRUTH TABLE FOR P&O MPPT METHOD [11] 

 Perturbation (∆𝑽𝑽) Power change 
(∆𝑷𝑷) 

Next perturbation  

+ + +D 
+ - -D 
- + -D 
- - +D 

Start

I+ΔI/ΔV=0

Measure
V(k), I(k)

ΔV=V(k)-V(k-1)
ΔI=I(k)-I(k-1)

I+ΔI/ΔV<0I+ΔI/ΔV>0

D+ΔDD-ΔD

Return

Fig. 7.  Flowchart of incremental conductance algorithm. 
 



When reaching the MPP, this means that the  𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 

The MPPT controls the PWM signal of the boost converter 
until  𝜕𝜕(𝐼𝐼)

𝜕𝜕(𝑉𝑉)� +  (𝐼𝐼/𝑉𝑉) = 0  is satisfied from Eq. 7. The
module’s max power set as > 98% of its incremental 
conductance. There are three basic conditions for  𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
, which 

must be taken into consideration: First, when 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

> 0, means
that the panel is running on the left side of the MPP, so some 
changes are required to be made to the right. Second, when 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

< 0, means that the operating point lies on the right side of 
the MPP, so some changes ought to be made to the left. Last, 
when the change  𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 0,  in this case, the solar panel is 

working exactly at the MPP, so no need to make any change 
[14].  

C. Ripple Correlation Control

This method is based on the input current of the boost
converter which comprises a DC component 𝐼𝐼𝐿𝐿  and a ripple 
component. The 𝐼𝐼𝐿𝐿  is set regarding the level of temperature 
and amount of radiation. Thus, the output power is a mixture 
of ripple and mean components that vary nonlinearly with 
𝐼𝐼𝐿𝐿  as described in Fig. 8 [15]. The objective is to force 𝐼𝐼𝐿𝐿 to 
track 𝐼𝐼𝐿𝐿∗corresponding to the MPP regardless of irradiance, 
temperature, or other variances [16]. The RCC block diagram 
is shown in Fig. 9. 

The idea here is to correlate the inductor's 
current 𝐼𝐼𝐿𝐿 towards 𝑖𝑖𝐿𝐿* to achieve the MPP so we must define 
whether  𝐼𝐼𝐿𝐿  is low/high than 𝐼𝐼𝐿𝐿*. If 𝐼𝐼𝐿𝐿 < 𝐼𝐼𝐿𝐿∗, it means that the 
ripple for current and power are in phase so the 𝑑𝑑𝑝𝑝

𝑑𝑑𝑜𝑜
× 𝑑𝑑𝑖𝑖𝐿𝐿

𝑑𝑑𝑜𝑜
  is 

positive (>0). Also, if the 𝐼𝐼𝐿𝐿 < 𝐼𝐼𝐿𝐿∗ , it means that 𝑑𝑑𝑝𝑝
𝑑𝑑𝑜𝑜

×
𝑑𝑑𝑖𝑖𝐿𝐿
𝑑𝑑𝑜𝑜

 is negative (< 0). A high pass filter is used in this 
technique to separate the DC component. The time derivatives 
of the current and power are not equal to zero due to the 
inherent ripples found by the switching process of the 
converter and can be deduced as follows  [16]: 

𝑑𝑑 = 𝑎𝑎.∫ 𝑑𝑑𝑝𝑝
𝑑𝑑𝑜𝑜

× 𝑑𝑑𝑖𝑖𝐿𝐿
𝑠𝑠𝑑𝑑𝑜𝑜

 𝑑𝑑𝑑𝑑          (9) 

where d is the duty cycle and k is the constant (+ve gain). The 
inductor current decreases and increases depending on the 
duty cycle d, whereby adjusting d appropriate IL is achieved. 

VI. RESULTS AND DISCUSSION

A. PV Array Characteristics
The nonlinear behavior of the I-V and P-V characteristics

is obtained according to varying irradiance and temperature 
for the 3U CubeSat designed PV panel discussed in Table I. 
The open-circuit voltage, short circuit current, and change in 
maximum power can be observed in Fig. 10 (a) and (b). When 
the operating temperature increases, the change in the short 
circuit current is negligible as can be seen in Fig. 10 (a). 
However, an increase in the operating temperature leads to a 
decrease in the open-circuit voltage of the PV, similarly, the 
maximum power reduces. While a decrease in the operating 
temperature results in an increase in maximum power and a 
negligible change in short circuit current. 

On increasing the photonic radiation level, the change in 
open circuit voltage is negligible, which is reflected in Fig. 10 
(b). However, the increase in the irradiation level leads to an 
increase in the maximum current and equally the maximum 
power of the PV. While a decrease in the irradiance level 

results in a decline in maximum power and a negligible 
change in the open-circuit voltage of the PV. 

B. Dynamic Response of PV with MPPTs at Scenario One
In this scenario, the suggested techniques are examined

under the effect of sequence perturbations of irradiance as 
shown in Fig. 11 and temperature levels. The standard 

Fig. 8.  PV array average current and power [11]. 

Fig. 9.  RCC block diagram. 

(a) 

(b) 

Fig. 10.  I-V and P-V characteristics (a) at different temperature level 
and (b) at different irradiation. 
 



irradiance at the beginning was initially 1367 W/m2 and after 
1.2 s a decrement occurred where it reached 1200 W/m2 and 
then increased again to 1300 W/m2 at t= 2.45 s. Therefore, the 
MPP changed, and output power extracted from the solar PV 
array also changed due to the varying operating voltage and 
current.  

From Fig. 12, it is noticed that all proposed techniques 
track the change in power, but the performance is not the 
same. Table III presents the changes in power and voltage for 
all variations in irradiance. For P&O, it has lower performance 
achieved and less power has been extracted from the PV 
compared to the RCC which delivers higher and smoother 
power, while the IC provides an even higher power but with 
some oscillation. In addition, the RCC and IC responses 
stabilize faster (higher convergence rate) during the moment 
of radiation changes as shown in Fig. 12 (c). The final finding 
approves the superiority of RCC in convergence rate as 
compared to the conventional P&O method. 

C. Dynamic Response of PV with MPPTs at Scenario Two
In the second scenario, the proposed techniques are examined 
in the state of 4-rpm spin for a 3U CubeSat. The irradiance 
level changes on the faces of the satellite while the satellite 
rotates. The average extracted irradiance of the X-, X+, Y-, 
and Y+ sides together can be seen in fig. 13. The standard 
irradiance at the beginning was initially 1000 W/m2 and after 
2.15 s the satellite moved and the Y- side is completely on the 
standard irradiance of 1367 W/m2 and then decreased again to 
1000 W/m2 at t= 4.25 sec. A similar phenomenon repeats for 
the other, X+, Y+ and X- faces. Therefore, the MPP changed, 
and the output power extracted from the solar PV arrays also 
changed due to variations in the operating voltage and current 
can be seen in Fig. 14 (a), (b), and (c). 
It can be seen in Fig. 14 (c), that the techniques under 
comparison track the variations of the power, however, the 
performance of each tracking technique is not similar. The 
P&O is extracting less power with more oscillations than the 
other two techniques. While IC technique is extracting more 
power as compared to RCC. However, the RCC is smoother 
and has low oscillations as compared to IC technique. In 

addition, IC and RCC responses stabilize faster (higher 
convergence rate) compared to P&O in the moment of 
radiation changes. The final finding approves the superiority 
of RCC and IC in convergence rate as compared to the 
conventional P&O method. 

VII. CONCLUSION

In this paper, some MPPT techniques namely, P&O, IC 
and RCC are implemented and compared in the case of 
NanoSat applications under spinning conditions of 4-rpm. 
Analysis is carried out for two different scenarios. In the first 

(a) 

(b) 

(c)  
Fig. 12. Comparison of output (a) voltage, (b) current, and (c) power 
under P&O, IC and RCC. 

TABLE III.      THE CHANGES IN POWER AND VOLTAGE OF P&O, IC AND RCC IN VARIOUS IRRADIANCE LEVELS 

Irradiance level (w/m2) Switching time (s) Method  Power (W) Voltage (V) Current (A) 

1367 At the beginning t= 0 
s 

P&O 9.1 15.2 0.6 
IC 9.87 14.5 0.683 

RCC 9.78 14.75 0.664 

1200 t = 1.2 s 
P&O 8.04 15.14 0.53 

IC 8.64 14.4 0.6 
RCC 8.61 14.13 0.608 

1300 t= 2.45 s 
P&O 8.9 15.1 0.59 

IC 9.38 14.64 0.65 
RCC 9.35 14.44 0.64 

Fig. 11.  Change in different levels of irradiance. 



scenario the proposed techniques are examined under the 
effect of sequence perturbations of irradiance and 
temperature levels. All the techniques track the variations in 
maximum power but differently. P&O is not very efficient as 
compared to RCC and IC. RCC which delivers high and 
smooth power, and the IC which provides high power with 
some oscillation, both with high convergence rate at solar 
irradiance change. In the second scenario, the same 
techniques were examined in 4-rpm spin condition for a 3U 
CubeSat. The irradiance level changes on the faces of the 
satellite while the satellite rotates. P&O extracts less power 
with more oscillations than the other two techniques. While 
IC technique is extracting more power as compared to RCC. 
However, RCC is smoother and has low oscillations as 

compared to IC. In future perspective, the free-orientation 
and Nadir-orientation conditions are compared in various 
MPPT scenarios. 
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power under P&O, IC and RCC at NanoSat spin of 3600 in 15 s. 
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