Experimental study of the compensation of the variability of solar pumping power over the sun without storage using supercapacitors in the context of Burkina Faso

Abstract
Based on experimental results, we have demonstrated the ability of supercapacitors to provide the power needed to initiate the start-up of a pump during low solar irradiation. The objective of this study is to optimize solar pumping over the sun by compensating for power variability for better efficiency. In order to ensure the continuity of power for a permanent operating system, the use of supercapacitors would be a necessity.
To this end, we first carried out an experimental study of direct charging of supercapacitors by solar irradiation. On the other hand, we carried out an experiment of discharging the supercapacitors by direct power supply of the solar pump. The results obtained show that for fluctuations of a duration of 7 minutes corresponding to a stored energy of 21.715 Wh for a pump with a power of 180 W, the supercapacitors correctly ensure the compensation of the variability of the power by a continuity of power supply of the pump.
They can provide the power needed to start the pump in case of low solar irradiation or serve as an energy source in the case of short cloudy periods. This system can be used for agricultural production to obtain better yields.
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Introduction 
The increase in the consumption of fossil fuels, the problem of the availability of reserves and their high costs make solar energy a necessity with many advantages nowadays. Therefore, the production of electrical energy from clean, non-polluting and renewable sources is a necessity of both national and global interest in our society. Burkina Faso has a significant solar resource of 5.5 to 6 kWh/m2/day, or nearly 3,000 hours of sunshine per year [1][2][3]. This significant production of solar radiation could be used for various applications. In view of this energy potential, solar energy has occupied a prominent place in the country's energy policy for the past ten years [1][2][4][5]. Since this energy is intermittent, its storage is necessary to ensure continuity in some applications. However, storing electrical energy remains very expensive in renewable energy production systems today. For this reason, storage batteries are most commonly used to store electrical energy in photovoltaic applications. However, with technological advancement, there are nowadays modern energy storage systems such as supercapacitors which have a high number of charge and discharge cycles compared to batteries. The complementary use of supercapacitors and batteries makes it possible to improve power sources in power equipment [6][7] [8].
It is with this in mind that we looked into the problem of energy storage using supercapacitors for better efficiency during photovoltaic solar pumping, in the case of a country with high solar radiation potential like Burkina Faso.
The objective of this study is to propose a solution to improve solar pumping by boosting the start-up of pumps during low sunlight. Hence the need to propose solutions to determine the additional power due to the variability of sunlight, which will be provided by supercapacitors, for the operation of solar pumping systems in the Sahelian climate context.







Methodology: 

[bookmark: _GoBack]1. EXPERIMENTAL DESIGN AND MEASUREMENTS
1.1. Experimental Design
The site defined for our experimental study is located within the Joseph KI-ZERBO University of the UFR/SEA (Training and Research Unit in Exact and Applied Sciences) in Ouagadougou, Burkina Faso, with the following geographic coordinates:
Longitude 1o30’W
Latitude 12o22’N
Altitude 291.96 m
The experimental setup consists of:
· two packs of six (06) 3000F/2.7V supercapacitors
· two 100Ah batteries
· a complete 180W submersible pump kit, nominal / maximum flow rate (0.8/2.7m3/h), pump height 520 mm, outlet/diameter 25/75 m
· two photovoltaic solar panels, each with a power of 150 W
· a pyranometer with a sensitivity of 7~14μV.m²/W; a spectral range of 0.3-3μm, a measurement range of 0-2000W/m², and a resolution of 1W/m²
       - current, voltage, and power measuring devices
1.2. Characteristics of the Supercapacitors
Supercapacitors are electronic components used as direct electrostatic and electrochemical energy storage devices. Their high-power densities make them power sources [8][10]. The supercapacitors used for our experiment are composed of two installation packs of six (06) supercapacitors (Figure 1). Each supercapacitor is interconnected in series by printed circuit boards with voltage management circuits, buses, washers, rivets and fixing nuts. They come from the manufacturer Maxwell Technologies [9] and each has a capacitance of 3000F of 2.7V. Figure 1 shows the two supercapacitor packs studied. The principle of calculating the maximum power and the energy stored by a supercapacitor is expressed respectively by the formulas (1) and (2):
                     
     (1)

With: ESRDC: internal resistance of the supercapacitor in ohms
         (2)
Any variation in the energy of the supercapacitors corresponds to a variation in the voltage across their terminals. The maximum usable energy is calculated between the maximum and minimum operating voltages. The expression for the variation in energy is expressed by the following formula (3):
       = () (3).
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Figure 1: Two supercapacitor packs
Figure 2 shows the experimental setup consisting of a pump kit, two supercapacitor packs, and batteries. 
Figure 3 shows the installation setup consisting of the pyranometer and panels.
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Figure 2: Pumping kit, supercapacitor packs and batteries
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Figure 3: Pyranometer and solar panels
The experimental setup composed of the above elements served as a framework for our experiment. The principle of the experiment consists of recording the characteristic quantities every 10 seconds. We recorded the characteristics of the solar system (irradiation) using a pyranometer. The voltage and current values ​​at the output of the solar panels are measured using the MPPT regulator. The characteristics of the pump (rotation speed, current, voltage, power) are measured using the MPPT controller.
For supercapacitors, voltage and current values ​​are measured using a multimeter and a DC clamp meter, respectively.
1.3. Experimental Measurements
The experiment first involves directly measuring the charge values ​​of the supercapacitors through solar radiation. Then, once charged, we proceeded to directly discharge them through the solar pump. The objective of the experiment is to operate the pump directly over time. When voltage dips preventing normal system operation are observed, supercapacitors are used to ensure operation during the disruption period. In the second operating case, during low irradiation, the supercapacitors will be used again to boost the pump startup. To materialize our experiment, we recorded the voltage and current values ​​of the supercapacitors through solar irradiation as we went along. For the case of the discharge principle, it consists of powering the pump through the supercapacitors. We noted on the one hand the values ​​of the voltage and those of the discharge current of the supercapacitors. On the other hand, we also proceeded to the readings of the characteristics of the motor pump. This experimental device is materialized by a functional diagram represented by figure 4 followed by a diagram of carrying out the experiment represented by figure 5.
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Figure 4: Schematic diagram of the experimental device
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Figure 5: diagram of the experimental device
2. RESULTS
The results obtained allowed us to draw the following experimental curves for January 30, 2025

Fig 6: Curve of solar irradiation during the day of 01/30/2025
Figure 6 above shows the evolution of solar irradiation during the day of January 30, 2025 in Burkina Faso. We observe decreases in solar irradiation. This is explained by a cloudy period during the measurement period.
Figure 7 shows the charging voltage and current profiles of the supercapacitors as a function of charging time. The shape of the current curve indicates a significant charge of the supercapacitor from the first second to the 650th second, corresponding to a charging time of 10 minutes and 40 seconds. From this date, a significant drop in charge occurs until the 960th second due to low solar irradiation, at which point the supercapacitors reach their maximum charge at 980 seconds. This is explained by a significant passage of clouds and the harmattan dust attenuating the effect of solar irradiation for a duration of 310 seconds, or 5 minutes 10 seconds. The supercapacitors were able to power the pump during the period of declining solar irradiation. This charge can be rapid for periods without fluctuations in solar irradiation.

 





Figure 7: Supercapacitor Charging Profile
Figure 8 shows the motor rotation speed profile as a function of current I during daytime operation. For rotation speeds below 3000 rpm, the pump flow rate is lower than the minimum pumping flow rate specified by the pump manufacturer (2). This flow rate varies depending on the engine rotation speed. The results of the experiment show that for an irradiation of 450W/ ,  the engine rotation speed is of the order of 1750tr/min corresponding to a flow rate of 2.  For an irradiation of 934W/  with an engine rotation speed of 3350tr/min the flow rate is of the order of 3.  The results obtained show that the greater the solar irradiation, the engine rotation speed increases, leading to an increase in the pumping flow rate.


Figure 8: Motor rotation speed profile versus current
Figure 9 shows the motor current profile versus pump power input during daytime operation. The results obtained showed that for a pump power input of 115 W and a rotation speed of 3210tr/min, the pumping flow rate is acceptable.

Figure 9: Motor current profile as a function of power
Figure 10 shows the profile of the motor rotation speed as a function of the current during the discharge of the supercapacitors. Unlike the direct power supply of the pump by the sun, the discharge of the supercapacitors on the pump leads directly to its operation corresponding to a good flow rate for a rotation speed greater than 3000 tr/min.


              Figure 10: Motor rotation speed profile as a function of current.
Figure 11 shows the motor current profile as a function of the power absorbed during operation by discharging the supercapacitors. The current curve as a function of power shows that between the maximum charge voltage of the supercapacitors 32.4V and the threshold voltage of 19.6V the pump receives the power necessary for its operation.


                Figure 11: Motor current profile as a function of power
Figure 12 shows the discharge voltage and current profiles of the supercapacitors as a function of the charging time. The results obtained from this experiment give a discharge threshold value of 20 V. So, for a charging voltage between 19.6 V and 32.4 V corresponding to an energy of 21.715 Wh, the supercapacitors correctly ensure the power supply of the solar pump. We note that despite the small variations in current, the pump receives enough of the energy necessary for its operation.
This discharge lasts 8 minutes 59 seconds. Referring to the charging system, we obtained a disturbance of 5 minutes 10 seconds due to fluctuations in solar irradiation against the discharge time of the supercapacitors. These results show that the supercapacitors can ensure the continuity of the load power supply up to a maximum duration of 8 minutes.


               Figure 12: Discharge curve of supercapacitors through the load

3. DISCUSSION

3.1. Calculation of the Average Solar Power Variability Error
For our study, we defined the average power variability error to assess the pump flow rate changes as a function of solar irradiation. Based on the experimental results, this error is the power difference calculated between the pump's nominal power of approximately 180W and the power absorbed by the pump as a function of solar irradiation over time.
• From 6:00 a.m. to 10:20 a.m., we observed a low power production due to the absence or low solar irradiation. This low power production is characterized by an average power variability error of approximately 80.26W.
• From 10:20 a.m. to 1:20 p.m.: We have significant power production due to high solar irradiation. This is characterized by an average power variability error of around -27.742.
• From 1:20 p.m. to 1:50 p.m. (cloudy period): We observe a decrease in irradiation due to a significant cloudy period. This decrease in solar production is characterized by an average power variability error of around 23.02.
• From 1:50 p.m. to 5:00 p.m.: decrease in solar irradiation due to sunset. This significant decrease in production is due to a decrease in solar irradiation corresponding to sunset. The average error of this decrease in solar production is around 75.70.
Figure 13 illustrates the calculation results of the average error in power variability as a function of time and solar irradiation.
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          Figure 13: Profile of the average power variability error as a function of time and solar irradiation.

3.2. Calculation of the average power variability error due to supercapacitor discharge
Figure 14 illustrates a profile of the evolution of supercapacitor charging over time. A rapid increase in power is observed over time. The higher the power, the greater the average power variability error due to supercapacitor charging. In the case of our study, particularly for the month of January with low solar irradiation, the supercapacitor charging time is 16 minutes.



                    Figure 14: Supercapacitor charge evolution profile over time
   3.3. Calculation of the average power variability error due to supercapacitor discharge
The average power variability error due to supercapacitor discharge is defined by calculating the difference between the nominal power of around 180W and the discharge power of the supercapacitor powering the pump. For a charging voltage between 19.6V and 32.4V, corresponding to an energy of 21.715 Wh, the supercapacitors ensure the correct power supply to the solar pump. The curve representing the variability error is in the negative portion and is ascending. This means that the energy stored by the supercapacitors provides the power necessary for the pump to operate properly. The shapes of the power curves and the power variability error are asymptotic with respect to the time axis.

Figure 15 illustrates the profile of the evolution of the supercapacitor discharge as a function of time. The interval cited corresponds to a duration of 8 minutes 49 seconds. This corresponds to a power supply phase of the pump. In the context of our experiment, for two packs of 12 supercapacitors of 3000 Farad and 2.7 V voltage at the terminals of each, the maximum discharge duration is 9 minutes 30 seconds. The supercapacitors can compensate for the variability of the solar irradiation of the 180W pump during this indicated period. This discharge duration can be increased depending on the number of supercapacitors. The two packs have an equivalent capacity of 250 Farad and a maximum voltage of 32.4 V. This means that for dips or fluctuations in solar irradiation, cloud passages, wind movements on the solar panels, whose durations are less than 9 minutes 30 seconds, the continuity of the power supply to the system could be ensured.



   Figure 15: Evolution profile of the discharge of supercapacitors as a function of time.

Thanks to their high-power density and rapid charging and discharging, supercapacitors can perfectly compensate for power fluctuations. They ensure the pump operates smoothly until the stored energy is exhausted. Supercapacitors are considered as instantaneous storage means with high specific power and low specific energy, covering high power demands, as in the case of our pumping device. This shows that the profiles of the power variability error and the pump power have the same order of magnitude.












CONCLUSION
We concluded from this study that supercapacitors can compensate for the power variability of the 180W solar pump for a duration of at least 7 minutes to power the solar pumping system. Their ability to charge quickly, even under low solar radiation, is one of the main advantages of this component compared to other energy sources (capacitor, battery). For electric motors with positive current (DC or AC) requiring high starting current and high power during the transient start-up phase, this phenomenon can be absorbed by supercapacitors (bicycles, cranes, motor vehicles) [11][12][13][14]. The same applies to temporary maintenance of the installation system, for periods of less sunny day (early morning and sunset), and also for temporary grid disruptions. Supercapacitors allow for better management and improvement of agricultural production yield. This experiment will be validated by a numerical study.
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Current (A)	Power (W)	104	107	109	112	114	117	120	123	126	129	132	136	139	145	150	153	154	157	160	171	175	177	180	184	189	201	199	205	209	215	227	230	231	234	238	5.0999999999999996	5.2	5.2	5.3	5.4	5.4	5.5	5.6	5.6	5.7	5.8	5.9	5.9	6.2	6.2	6.3	6.2	6.2	6.3	6.7	6.8	6.7	6.8	6.9	7.1	7.4	7.2	7.3	7.4	7.6	7.7	7.7	7.8	7.8	7.8	Power (w)


Current(A)



Voltage (v)	Time(s)	0	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	32.700000000000003	32	31.5	30.5	30.1	30	29.8	29.6	29.4	29.2	28.9	28.7	28.6	28.2	28	27.8	27.5	27.4	27.2	27	26.8	26.3	26	25.9	25.7	25.4	25.3	25.1	24.9	24.7	24.5	24.4	24.1	23.9	23.7	23.5	23.4	23.2	23	22.8	22.6	22.4	22.2	22	21.8	21.6	21.4	21.2	21	20.8	20.6	20.5	20.3	20.100000000000001	19.899999999999999	Current (A)	Time(s)	0	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	0	4	4.5999999999999996	5.4	5.5	5.5	5.5	5.6	5.7	5.7	5.8	5.7	5.7	5.6	5.6	5.5	5.4	5.4	5.3	5.3	5.3	5.2	5.2	5.0999999999999996	5	5	5	4.9000000000000004	4.9000000000000004	4.9000000000000004	4.9000000000000004	4.8	4.7	4.7	4.7	4.7	4.8	4.8	4.9000000000000004	4.9000000000000004	4.5	4.4000000000000004	4.4000000000000004	4.3	4.3	4.3	4.2	4.2	4.2	4.0999999999999996	4.0999999999999996	4.0999999999999996	4	4	4	




Power (W)	6h00	6h 40	6h  50	7h 00	7h 10	7h 20	7h 30	7h 40	7h 50	8h 00	8h 10	8h 20	8h 30	8h 40	8h 50	9h 00	9h 10	9h 20	9h 30	9h 40	9h 50	10h 00	10h 10	10h 20	10h 30	10h 40	10h 50	11h 00	11h 10	11h 20	11h 30	11h 40	11h 50	12h 00	12h 10	12h 20	12h 30	12h 40	12h 50	13h 00	13h 10	13h 20	13h 30	13h 40	13h 50	14h 00	14h 10	14h 20	14h 30	14h 40	14h 50	15h 00	15h 10	15h 20	15h 30	15h 40	15h 50	16h 00	16h10	16h 20	16h 30	16h 40	16h 50	17h 00	0	27.27	19.529999999999998	14.41	17.34	22.72	30.800000000000004	61.658999999999999	73.152000000000001	76.713000000000008	101.761	92.3	113.928	126.00300000000001	126.72000000000001	141.61999999999998	129.47200000000001	156.67200000000003	156.76799999999997	173.65799999999999	175.404	177.87300000000002	178.435	185.76	196.768	207.20000000000002	198.102	200.56799999999998	212.99800000000002	211.12	214.12200000000001	219.11399999999998	220.74	212.99800000000002	218.02500000000001	220.99	204.608	208.32000000000002	206.46	208.6	192.96	176.22	116.83999999999999	156.11000000000001	178.72799999999998	172.52100000000002	159.60899999999998	147.501	143.85599999999999	133.905	151.24199999999999	141.38399999999999	140.05599999999998	129.548	88.442999999999998	111.14999999999999	98.912000000000006	88.02000000000001	72.239999999999995	61.204000000000008	57.216000000000001	28.449000000000005	34.769999999999996	21.606000000000002	Solar irradiation  (W/m²)	6h00	6h 40	6h  50	7h 00	7h 10	7h 20	7h 30	7h 40	7h 50	8h 00	8h 10	8h 20	8h 30	8h 40	8h 50	9h 00	9h 10	9h 20	9h 30	9h 40	9h 50	10h 00	10h 10	10h 20	10h 30	10h 40	10h 50	11h 00	11h 10	11h 20	11h 30	11h 40	11h 50	12h 00	12h 10	12h 20	12h 30	12h 40	12h 50	13h 00	13h 10	13h 20	13h 30	13h 40	13h 50	14h 00	14h 10	14h 20	14h 30	14h 40	14h 50	15h 00	15h 10	15h 20	15h 30	15h 40	15h 50	16h 00	16h10	16h 20	16h 30	16h 40	16h 50	17h 00	0	0	1	27	94	138	183	230	276	308	349	354	427	490	455	557	481	607	600	700	720	724	771	789	812	862	841	867	901	886	922	934	953	945	938	945	906	914	912	918	888	819	853	789	798	771	736	708	687	667	633	605	579	550	529	466	419	362	304	246	239	99	111	49	Error	6h00	6h 40	6h  50	7h 00	7h 10	7h 20	7h 30	7h 40	7h 50	8h 00	8h 10	8h 20	8h 30	8h 40	8h 50	9h 00	9h 10	9h 20	9h 30	9h 40	9h 50	10h 00	10h 10	10h 20	10h 30	10h 40	10h 50	11h 00	11h 10	11h 20	11h 30	11h 40	11h 50	12h 00	12h 10	12h 20	12h 30	12h 40	12h 50	13h 00	13h 10	13h 20	13h 30	13h 40	13h 50	14h 00	14h 10	14h 20	14h 30	14h 40	14h 50	15h 00	15h 10	15h 20	15h 30	15h 40	15h 50	16h 00	16h10	16h 20	16h 30	16h 40	16h 50	17h 00	0	152.72999999999999	160.47	165.59	162.66	157.28	149.19999999999999	118.34100000000001	106.848	103.28699999999999	78.239000000000004	87.7	66.072000000000003	53.996999999999986	53.279999999999987	38.380000000000024	50.527999999999992	23.327999999999975	23.232000000000028	6.342000000000013	4.5960000000000036	2.1269999999999811	1.5649999999999977	-5.7599999999999909	-16.768000000000001	-27.200000000000017	-18.102000000000004	-20.567999999999984	-32.998000000000019	-31.120000000000005	-34.122000000000014	-39.113999999999976	-40.740000000000009	-32.998000000000019	-38.025000000000006	-40.990000000000009	-24.608000000000004	-28.320000000000022	-26.460000000000008	-28.599999999999994	-12.960000000000008	3.7800000000000011	63.160000000000011	23.889999999999986	1.2720000000000198	7.478999999999985	20.39100000000002	32.498999999999995	36.144000000000005	46.094999999999999	28.75800000000001	38.616000000000014	39.944000000000017	50.451999999999998	91.557000000000002	68.850000000000009	81.087999999999994	91.97999999999999	107.76	118.79599999999999	122.78399999999999	151.55099999999999	145.23000000000002	158.39400000000001	



Evolution profile of the charge of the supercapacitors as a function of time

Power = 	Time(s)	0	10	20	30	40	50	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	610	620	630	640	650	660	670	680	690	700	710	720	730	740	750	760	770	780	790	800	810	820	830	840	850	860	870	880	890	900	910	920	930	940	950	960	970	980	376.27856659905342	406.10209601081812	410.30493576741043	444.70655848546312	455.18610547667339	455.18610547667339	470.28803245436103	461.86764705882354	498.90534144692356	508.24137931034477	510.58891142663958	533.76081812035159	549.49442190669379	563.60311020960114	577.2657200811359	593.62339418526017	607.64300202839763	619.23529411764707	634.86206896551721	647.37136578769446	660.00270453008795	675.45655848546301	689.7227856659905	696.56862745098044	710.36173089925626	710.36173089925626	745.43610547667345	766.88640973630834	774.10412440838388	788.6409736308317	803.31304935767412	825.57471264367825	840.58485463150782	855.73022312373223	871.01081812035147	886.42663962136567	901.97768762677481	925.55780933062874	941.44692359702503	957.47126436781616	973.63083164300201	998.12373225152123	1014.6213657876943	1031.2542258282622	1048.0223123732248	1064.9256254225829	1081.9641649763355	1099.1379310344828	1116.446923597025	1133.891142663962	1151.4705882352941	1169.185260311021	1187.0351588911426	1205.0202839756591	1223.1406355645704	1241.3962136578771	1259.7870182555782	1278.3130493576741	1287.6267748478704	1306.3556457065586	1325.2197430696417	1344.2190669371196	1363.3536173089924	1372.9716024340771	1392.308992562542	1411.7816091954021	1421.5686274509803	1441.2440838404327	1461.0547667342796	1471.0108181203516	1491.0243407707908	1501.0818120351589	1521.2981744421907	1541.6497633536171	1551.8762677484788	1572.4306964164975	1582.7586206896553	1603.5158891142664	1613.9452332657199	1634.9053414469236	1645.4361054766732	1656.0006761325221	1666.5990534144692	1687.89722785666	1666.5990534144692	1687.89722785666	1698.5970250169032	1720.098039215686	1730.8992562542257	1741.7342799188641	1763.5057471264363	1774.442190669371	1785.4124408384043	1796.4164976335362	1807.4543610547671	1818.5260311020959	1829.6315077755237	1840.7707910750507	V*V/4 (ESSR*mass)	Time(s)	0	10	20	30	40	50	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	610	620	630	640	650	660	670	680	690	700	710	720	730	740	750	760	770	780	790	800	810	820	830	840	850	860	870	880	890	900	910	920	930	940	950	960	970	980	165.08	164.5	164.42	163.78	163.59	163.59	163.32	163.47	162.82	162.66	162.62	162.22999999999999	161.97	161.74	161.52000000000001	161.26	161.04	160.86000000000001	160.62	160.43	160.24	160.01	159.80000000000001	159.69999999999999	159.5	159.5	159	158.69999999999999	158.6	158.4	158.19999999999999	157.9	157.69999999999999	157.5	157.30000000000001	157.1	156.9	156.6	156.4	156.19999999999999	156	155.69999999999999	155.5	155.30000000000001	155.1	154.9	154.69999999999999	154.5	154.30000000000001	154.1	153.9	153.69999999999999	153.5	153.30000000000001	153.1	152.9	152.69999999999999	152.5	152.4	152.19999999999999	152	151.80000000000001	151.6	151.5	151.30000000000001	151.1	151	150.80000000000001	150.6	150.5	150.30000000000001	150.19999999999999	150	149.80000000000001	149.69999999999999	149.5	149.4	149.19999999999999	149.1	148.9	148.80000000000001	148.69999999999999	148.6	148.4	148.6	148.4	148.30000000000001	148.1	148	147.9	147.69999999999999	147.6	147.5	147.4	147.30000000000001	147.19999999999999	147.1	147	



Power  	Time (s)	0	10	20	30	40	50	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	1840.7707910750507	1730.8992562542257	1730.8992562542257	1698.5970250169032	1677.2312373225152	1645.4361054766732	1634.9053414469236	1603.5158891142664	1582.7586206896553	1551.8762677484788	1531.4570655848547	1501.0818120351589	1481.0006761325221	1461.0547667342796	1431.3894523326574	1402.0283975659229	1382.6233941852604	1363.3536173089924	1334.7025016903315	1315.7707910750505	1287.6267748478704	1269.0331304935764	1250.5747126436779	1232.2515212981743	1205.0202839756591	1187.0351588911426	1169.185260311021	1151.4705882352941	1125.1521298174441	1107.7755240027047	1090.5341446923596	1073.4279918864097	1056.4570655848547	1039.6213657876945	1014.6213657876943	998.12373225152123	981.76132521974318	965.53414469235952	949.44219066937103	933.48546315077749	917.66396213657868	901.97768762677481	886.42663962136567	871.01081812035147	855.73022312373223	871.01081812035147	825.57471264367825	810.69979716024329	795.96010818120351	781.35564570655845	766.88640973630834	759.70250169033125	745.43610547667345	731.30493576741048	717.30899256254236	703.44827586206884	689.7227856659905	682.91075050709946	error	Time (s)	0	10	20	30	40	50	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	-1660.7707910750507	-1550.8992562542257	-1550.8992562542257	-1518.5970250169032	-1497.2312373225152	-1465.4361054766732	-1454.9053414469236	-1423.5158891142664	-1402.7586206896553	-1371.8762677484788	-1351.4570655848547	-1321.0818120351589	-1301.0006761325221	-1281.0547667342796	-1251.3894523326574	-1222.0283975659229	-1202.6233941852604	-1183.3536173089924	-1154.7025016903315	-1135.7707910750505	-1107.6267748478704	-1089.0331304935764	-1070.5747126436779	-1052.2515212981743	-1025.0202839756591	-1007.0351588911426	-989.18526031102101	-971.47058823529414	-945.15212981744412	-927.77552400270474	-910.53414469235963	-893.4279918864097	-876.45706558485472	-859.62136578769446	-834.62136578769434	-818.12373225152123	-801.76132521974318	-785.53414469235952	-769.44219066937103	-753.48546315077749	-737.66396213657868	-721.97768762677481	-706.42663962136567	-691.01081812035147	-675.73022312373223	-691.01081812035147	-645.57471264367825	-630.69979716024329	-615.96010818120351	-601.35564570655845	-586.88640973630834	-579.70250169033125	-565.43610547667345	-551.30493576741048	-537.30899256254236	-523.44827586206884	-509.7227856659905	-502.91075050709946	



2

image3.jpeg




image4.jpeg




image5.png
Module PV

Supercondensateur

Régulateur g7 ) Contréleur de
MPPT ’}4 . pompe _

Batterie 12V





image6.png
7





image1.jpeg




image2.jpeg




