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ABSTRACT 
Providing electricity in African countries through the extension of the grid is very expensive, 
due to its highly distributed population. Thereby, the use of distributed renewable energy micro-
power plants is the proposed solution.  
 
In this paper, we present the research studies at our laboratory to achieve building prototypes 
of smart distributed renewable energy micro-power plants. Four types of micro-power plants 
are being developed; a 1.5 kW Wind Turbine Emulator based on a Double Fed Induction 
Generator, a 1.5 kW Wind Turbine Emulator based on a Synchronous Generator, a 1.5 kW 
Photovoltaic system with Grid Tie Inverters and finally, a 250 W Photovoltaic micro-power 
plant connected through a self-made single-phase Grid Tie Inverter. 
 
In addition, we have a simulated power grid with conventional power plants, power system 
stabilizers and automatic voltage controllers and other modelled power plants running in real 
time on embedded processors (Raspberry PI3). To ensure the data flow between all these micro-
power plants and the simulated power grid, we use a Firebase Database; the experimental 
benches send data and receive orders to/from the database thanks to Wi-Fi connected 
microcontrollers ESP8266. Load Flow and Transient Stability studies are considered.  
 

KEYWORDS 
Micro-Power Plants, Smart grid, Distributed generation, Firebase Database, Power System 
Stabilizers. 
 

HIGHLIGHTS 

- Four experimental prototypes of micro-power plants are presented 
- MPPT extraction algorithms are performed on the micro-power plants  
- Communication technologies are the key to achieve the new approach on smart grids 
- Intermittent renewable sources have negative impacts on power grid stability 
- Power System Stabilizers are important to enhance the stability of power grids 
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1. INTRODUCTION 
The United Nations estimates that the current population of Africa is more than 1.32 
billion with more than 56 % of people living in non-urban areas [1]. Although Africa is rich by 
renewable and non-renewable energy sources (A Photovoltaic panel produces twice energy in 
Africa than it will produce in Central Europe on average), the generation of electricity is not 
yet satisfied [2], [3]; making a mismatch between the generation and the consumption, which 
lead to a low power service and many blackouts and outages [4]. This affects directly the 
economic growth of African countries [5], [6]. The conventional solution of extending the 
power grid face many constraints, among them; distributed population, difficult terrains, long 
distances between the utility grid and the loads and the expensive cost [7]. However, with the 
development of renewable energy technologies, and with the increase of fuel prices [8]–[10], 
the integration of distributed renewable energy Micro-Power Plants (MPP) is more favorable 
to enforce the weakness of the power grids in Africa.  
 
Many countries on Africa continent are enabling high investments in solar and wind energies. 
Figure 1 shows the Law-Carbon scenario based on African Development Bank (AfDB) a New 
Deal on Energy for Africa policy document, Balmorel model [11]. This model shows the power 
sector expansion of the 54 African countries by 2030. It is a dynamic approach for the 
integration of renewable energies. It includes real data for wind and irradiance to match the 
supply with the demand through the day. It is shown that the installed capacity from renewable 
energies in Africa will exceed 50% of the total production by 2030. For example, Algeria, the 
biggest country in Africa, has launched an ambitious program (the Algerian Renewable Energy 
Development and Energy Efficiency Program-PENREE) which consist of installing up to 
22000 MW of power generating capacity from renewable energy sources by 2030 [12]. These 
important capacities open the doors to study the impact of installing many renewable energy 
MPP and Power plants, and to analyse their mutual interaction not only in islanded mode, but 
also in grid-connected mode.  
 

 
 

Figure 1. The renewable energy transition in Africa, a view towards 2030 
 
The concept of integration of distributed renewable energy MPP for the development of micro-
grid will be most significant in the near future [13]. This new approach consists in putting many 
renewable energy MPP near the customers and some of them will be part of the home itself. 
The idea is to turn the consumer into a prosumer that can produce energy and consume it at the 
same time. These MPP are connected, through inverters [14] to the distribution network, which 
is connected to the high voltage power grid [9]. This approach is different from the conventional 
one where the power plants are located far from the loads and where there are many power 
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losses in the transmission line (Copper losses, Magnetic Losses, Corona effect, and skin effect) 
[15]. In addition, 30% of the cost for delivering electricity is due to the transmission system 
[16]. Distributed renewable energy MPP are usually installed in combination with energy 
storage technologies (ESTs) such as Li-ion batteries, lead-acid, pumped hydro storage and 
supercapacitor energy storage [17]. In general, the ESTs’ principle is to charge a storage facility 
in the time of excess electricity production and discharge it when needed [18]. This process is 
characterized by the round-trip efficiency which is the ratio of electricity stored into the facility 
that is subsequently recovered [19]. 
 
Distributed renewable energy MPP give a clean energy and help to reduce the Green Houses 
Emissions (GHE) [20]. Nevertheless, as we cannot store as much energy as we want in the 
batteries, the integration of distributed renewable energy MPP brings new challenges for the 
stability of the power grid and for the quality of service [21]. It is known that renewable energies 
have an intermittent generation that directly varies with weather conditions (Clouds, Sun, Wind, 
etc.), the energy output can go from zero on a cloudy day to the maximum value spontaneously 
and vice versa (Figure 2). Certainly, when its power capacity exceeds certain percentage, the 
disturbances will be more important [22], [23]. To minimize the fast changes in the generated 
power and improve reliability and service, we need a new approach of power network control, 
making full use of communication technology. This will result in Smart Distributed Renewable 
Energy Micro-Power Plants.  
 
The Figure 2 shows the intermittent aspect of generated power from two Photovoltaic (PV) 
panels (500W) in summer on a cloudy afternoon at Tlemcen, Algeria. 
 

 
 

Figure 2. Experimental curve of PV power in the summer at Tlemcen, cloudy afternoon 
 
The work presented in this paper is a part of a big project consisting in managing electricity 
produced from different types of renewable energy MPP to match the supply with the demand 
instantaneously and conserve the stability of the power grid. To achieve this goal, the project is 
divided into many parts: 1- Mastering the active and reactive power produced from all the MPP 
(both experimental and simulated ones). 2- Mastering the data flow between all the MPP, the 
emulated power grid, the external supervisor (android application or PC) and the firebase 
database. 3- Studying the impacts of integrating renewable energy MPP on power grids in term 
of frequency and voltage stability. 4- Develop strategies (centralized or decentralized control) 
to drive the swarm of MPP in a way that each one produces an amount of power proportional 
to its installed capacity and to other producers to respect the load/production equilibrium, to 
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conserve the stability of the power grid, and to enhance the quality of service. In this paper, we 
present the overall MPP involved in our project in section II. In addition, we present the issues 
we faced when performing communication protocols between all the parts of the system (MPPs, 
emulated power grid, external supervisors, DB). In section III, we present the results and we 
discuss them. We emphasize in this section the impact of renewable energy MPP integration in 
power grids in term of frequency and voltage stability. Developed programs that compute the 
load flow, the transient stability, the power system stabilizers and the power injection from 
renewable energy MPP at the grid buses are also considered. Finally, we present the conclusion 
and the perspectives in section IV. 
 

2. MATERIALS AND METHODS 

2.1. Experimental micro-power plants 
Experimental prototypes of smart MPP are developed at the Laboratoire d’Automatique de 
Tlemcen (LAT), Algeria.    

2.1.1. Wind turbine emulator based on a Double Fed Induction Generator 
Figure 3 shows the overall structure of the emulator of the wind energy conversion system [24], 
[25]. The DC motor is directly coupled to the Double Fed Induction Generator (DFIG) and is 
powered by a chopper. The chopper is powered from the same DC bus as the DFIG rotor side 
inverter. This ensures that the delivered power from the rotor side of the DFIG through the 
Motor Side Converter (MSC) in hyper-synchronous mode will not increase the DC bus voltage 
and destroy the capacitors. Hence, we only need a simple three-phase diode-based rectifier as 
a Grid Side Converter (GSC). We use autotransformers for voltage adaptation as low as the DC 
machine maximum voltage (250V). The stator of the DFIG is connecter to the grid. The main 
part of the generated power Ps flows from the stator to the grid through the 13A autotransformer. 
To control both the 3-phases inverter and the DC chopper, we use a dSPACE DS1104 single 
board control solution with reprogrammed firmware. 
 

 
 

Figure 3. Experimental hardware structure of the wind turbine emulator based on a DFIG. 
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Different wind profiles are applied through the control of the DC motor and an MPPT 
(Maximum Power Point Tracking) extraction algorithm allows the control of the speed of the 
Wind Turbine Emulator (WTE) in order to get the maximum power generated by the DFIG. 

2.1.2. Wind turbine emulator based on a Synchronous Generator 
A similar structure is used for the WTE based on a Synchronous Generator (SG) (Figure 4) 
[26], but we need back-to-back converters (MSC and GSC) between the grid and the stator of 
the SG. The Control Desk™ running on the host PC of the DS1104 permits the interaction with 
the embedded control program variables of the system in real time. This system is not yet fully 
operational; parameters identification and control parameters computation need to be 
performed. 
 

 
 

Figure 4. Experimental structure of the wind turbine emulator based on a SG 
 

2.1.3. Photovoltaic industrial micro power plant  
 

 
 

Figure 5. Experimental structure of the PV Grid Tie Inverter micro power plant. 
 

Six PV panels (250 W for each one) are connected each two with one Grid Tie Inverter (GTI) 
YC500. Each GTI has two independent DC input with dedicated MPPT per input. The three 
GTI are connected in parallel to the grid via a circuit breaker. The Energy Communication Unit 
(ECU) uses PLC (power line carrier) to communicate with the GTI and sends data over the Wifi 
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router to an external database (Figure 5). The ECU acts also as a local web server. A Raspberry 
Pi3 (RPi3) connected to the LAN reads the data of the generated power from the web server of 
the ECU and sends them to the Firebase Database (DB) each 5 minutes. This time can be 
adjusted. 

2.1.4. Photovoltaic self-made micro power plant   
In order to study our own implementation of a GTI, we choose to build it with two interleave 
step-up DC-DC choppers that extract the power form the PV. Then, the inverter stage 
synchronizes to the grid using a Zero Cross Detection algorithm and allows the injection of the 
reference active power. The reactive power can also be absorbed or generated from the grid or 
work at a unity power factor [27]. The control is done using TI Launchpad F28069M as shown 
in Figure 6. The communication to the DB is done with a Wemos ESP8266. 
 
In order to produce the maximum power available (MPPT), or the exact amount of needed 
power or to shut down the power production, the control is taking the reference point from the 
DB. 
 

 
 

Figure 6. Experimental structure of the PV self-made micro power plant 
  

2.2. Simulated micro-power plants 
In parallel to the experimental prototypes, we created models of smart micro-power plants. 

2.2.1. Wind turbine generator micro-power plant model 
A simplified model of a DFIG expressed in a (d-q) axis is used with flux vector control. This 
strategy allows the linearity between the rotor currents (Iqr, Idr) and the stator powers (Ps, Qs) 
of the DFIG [24].  
 
Figure 7 shows the active and reactive power control diagram. Where Psref, Qsref, Idrref, Iqrref, 
Vdrref and Vqrref are the references of active power, reactive power, direct rotor current, 
quadrature rotor current, direct rotor voltage and quadrature rotor voltage respectively. Ps, Qs, 
Idr, Iqr and Vs are the active power, reactive power, direct rotor current, quadrature rotor current 
and stator voltage respectively. Ls, Lr, M, Rr and sigma are the stator inductance, rotor 
inductance, mutual inductance, rotor resistance and insulation permittivity respectively. Ws and 
Wr are the stator pulsation (2𝜋𝜋𝑓𝑓𝑠𝑠) and the slip pulsation respectively. 
 
To extract the maximum power available, we used an MPPT algorithm that calculates the 
optimum mechanical speed Wm_opt of the DFIG and then generates the active power reference 
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Psref thanks to a PI controller as shown in Figure 8. Where lambda_opt is the optimal relative 
speed, G is the gearbox ratio, R is the pale radius, Wsp is the wind speed and Wm is the mechanical 
speed of the DFIG. 
 
 

 
  

 
 

Figure 7. DFIG active and reactive power control diagram 
 

 
 

Figure 8. MPPT Diagram of the wind turbine generator 
 
Figure 9 shows the maximum active power (blue curve) extracted from the wind turbine 
generator micro-power plant model when applying a wind profile shown by the green curve.  

 

 
 

Figure 9. Simulated wind power 
 

Compensation  
DFIG simplified model Active / Reactive power control 
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2.2.2. Photovoltaic micro-power plant model 
A PV panel is modelled as a current source in parallel to a diode and a parallel resistance Rp. 
All are in series with a resistance Rs. The output current Ipv of a PV panel is calculated as fallow 
[14], [24]: 

                                  𝐼𝐼𝑝𝑝𝑝𝑝 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑜𝑜 �
𝑒𝑒𝑞𝑞�𝑉𝑉+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑅𝑅�

𝑎𝑎𝑎𝑎𝑎𝑎
− 1� − 𝑉𝑉+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑅𝑅

𝑅𝑅𝑝𝑝
       (1)        

 
Where Iph is the photon current, Io is the Diode saturation current, q is the electron’s charge, V 
is the PV voltage, T is the temperature, k is the constant of Boltzmann and a is the quality factor.  
For a specific temperature and irradiance, the generated power of a PV panel varies in function 
of the voltage as shown in Figure 10. To extract the maximum power available, an MPPT 
algorithm searches the appropriate voltage that fulfils the equation 𝑑𝑑𝑑𝑑 ⁄ 𝑑𝑑𝑑𝑑 = 0. Where P is 
the generated power. 
   

 
 

Figure 10. The variation of the PV power in function of the voltage 
 
Figure 11 shows the maximum active power (blue curve) extracted from the PV micro-power 
plant model when applying irradiance profile shown by the green curve. In this simulation, the 
temperature supposed constant at 25ºC. 
 

 
 

Figure 11. Simulated solar power 
 

2.3. Emulating the power grid 
For this step, we emulate the high-voltage utility grid by a 5-buses power grid [28] (Figure 12) 
running in real time on the RPi3. It contains two Generator buses (nodes). SOUTH is a PV bus 
and NORTH is the Slack bus. There are three consumption nodes (ELM, LAKE, and MAIN). 
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To compute the power flow through the grid and the voltage at all the buses, we implemented 
the Load Flow (LF) program of a Lab developed program [28] on the RPi3. In addition, the 
Transient Stability (TS) program is also implemented and adapted to the RPi3. Moreover, we 
implemented two power system stabilizers (PSS) to ensure the stability of the system. The first 
one is an Automatic Voltage Regulator (AVR) to stabilize the magnitude of the voltage and the 
second one is the speed governor to stabilize the speed of the power plant SG.  
 

 
 

Figure 12. 5-buses power system [28] 
 
The mathematical equations and the power system modelling for LF and TS studies are found 
in [28]. The Runge–Kutta 4 and Gauss-Seidel are the numerical methods implemented for the 
iterative calculations of TS and LF respectively. The system of equations to be solved for TS 
studies to express the dynamic behavior of a SG is [28]:  
 

                               �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜔𝜔 − 𝜔𝜔𝑠𝑠                           
𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2

= 𝜔𝜔𝑅𝑅
2 𝐻𝐻

�𝑑𝑑𝑚𝑚 −  𝑑𝑑𝑒𝑒 − 𝐷𝐷 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
                    (2) 

 
Where 𝛿𝛿 is the internal angel, 𝜔𝜔 is the rotor speed, 𝜔𝜔𝑠𝑠 is the synchronous speed, Pm is the 
mechanical power of the turbine, Pe is the electrical power, H is the inertia moment, and D is 
the damping for each generator.  

2.4. Communication protocols and experimental issues  
To study the impact of integrating renewable energy MPP on the 
stability of the 5-buses power grid and to analyze their mutual 
interaction in grid-connected mode, the smart prototypes of 
MPP should communicate to the DB in order to send 
information about their actual production and receive orders to 
inject to the grid the exact power needed, not more and not less. 
This helps us to control the smart MPP and to manage the power 
produced from renewable energies. For that, we implemented 
routines on the RPi3 to communicate with the DB in order to 
receive the generated power from the experimental MPP and to 
send orders for the reference power. Reading data and sending 
orders are done every 5 seconds. We developed an Android 
application (Figure 13) to check for any update in the DB and 
displays data; it is available on: 
https://play.google.com/store/apps/details?id=com.embesystems.microplants. 

 
Figure 13. MicroPlants 

Android application 
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Figure 14 illustrates the communication interactions between the MPP, emulated power grid 
and the external supervisor (Android application or PC) with the DB thanks to Wi-Fi connected 
microcontrollers ESP8266.  
 

  
 

Figure 14. Communication interactions between the MPP, emulated power grid and the 
Android application with the DB. 

 
We are still facing some experimental issues: The WTE based on DFIG is operational but it is 
not yet communicating to the DB. The WTE based on a SG is already communicating to the 
DB thanks to the microcontroller ESP8266, but it is not yet fully operational, we have some 
issues when controlling the SG. The 1.5 kW PV industrial MPP is only sending data thanks to 
the second RPi3 that reads data from the server of the ECU and send them to the DB, but this 
MPP cannot receive orders of the needed reference power, because the GTI YC500 produces 
always the maximum power thanks to its MPPT internal algorithms. The 250 W PV self-made 
MPP however will send and receive orders to / from the DB thanks to the microcontroller 
ESP8266 to produce the needed power, but this experimental bench is still under progress. 
To deal with the communication issues of the experimental prototypes and the early stage of 
development of the MPP, we proceed by collecting experimental data of both PV and WTE 
based on DFIG micro-power plants in a laptop. The collected data in the RPi3, will be used by 
the LF and TS programs to be injected in the 5-buses power grid. 
 
In this paper, four cases are presented: the first is when the 5-buses power grid functions without 
injecting the power of the MPP, the second is when we inject only the power of the PV micro-
power plant at ELM bus, the third is when we inject only the power of the WTE based on a 
DFIG at LAKE bus, and the last case is when we inject the power of both PV and WTE micro-
power plants in the corresponding buses. In the cases 1, 2, 3 and 4, the installed capacity from 
renewable energy MPP is 0%, 20%, 35% and 55% of the total production respectively. In all 
these cases, we consider all other loads constant. In addition, the data are received in Watt, and 
then transformed to per-unit (pu) in order to adapt them with LF and TS calculations that are in 
pu. The NORTH generator curves are represented by the blue color and the SOUTH ones are 
represented by the red color in the following figures. 
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3. RESULTS AND DISCUSSIONS 
The characteristics of the two SG are presented in Table A.1. The TS and LF calculations are 
performed every 1ms to get the new values of the generated power, bus voltage, speed and 
internal angles of both SG. The AVR is called every 2 ms whereas the speed governor loop is 
performed every 10 ms. Table A.2 shows the initial data for TS calculations. They are obtained 
from a previous LF simulation, in steady state conditions, before starting the TS simulation. 
Figure 15 and Figure 16 show the AVR and the speed governor loops respectively; Where Eg0 
and Pm0 are the nominal values of e.m.f and mechanical power respectively. Eg.ref  and Pm.ref are 
the reference values for the e.m.f and the mechanical power respectively. Eg, Ig, V and Yg are 
the e.m.f, current, voltage and admittance of the SG respectively.  Kp and Ki are the proportional 
and integral coefficients of the AVR or the speed governor. 
 

 
 

Figure 15. AVR loop for both generators 
 

 
 

Figure 16. Speed Governor loop for both generators 
 

3.1. Case 1 
In this case, the 5-buses power grid are operating with no power injected from the MPP. The Figure 
17 shows the variation of the electrical and mechanical quantities (Voltage, internal angle, speed 
and power) of both SG. The total active power production is 1.6957 pu (0.4 pu from SOUTH and 
1.2957 pu from NORTH). We see that, all the electrical and mechanical quantities are constant in 
steady state. This is explained by the non-integration of MPP and that there is no modification or 
faults in the power network. 
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Figure 17. SG electrical and mechanical variables 
 

3.2. Case 2 
In this case, the PV MPP starts injecting power in the 5-buses power grid at ELM bus after 
t=10s. Figure 18 shows the variation of the PV power. A routine is added to the TS program to 
read these data from a file and to inject them in the 5-buses power grid as additional positive 
load that varies with time (positive values are for generated power).  

 

  
 

Figure 18. The power of the PV prototype 
 

Figure 19 shows the variation of the electrical and mechanical quantities of both generators. 
We see that, when injecting the PV power in ELM bus, both generators will be affected due to 
the interconnection of the grid. A mismatch between the consumption and the production 
happened. Thus, both generators accelerate. Thanks to the PSS, the AVR and the speed 
governor that control respectively the e.m.f and the mechanical power of both SG, the generated 
power from the non-renewable sources is reduced. This fast acting makes the voltage and the 
speed come back to their nominal values spontaneously after each increase or decrease in the 
injected power. In addition, it makes the internal angels of both generators stay in the stability 
limit (δ < 90°). 
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Figure 19. SG electrical and mechanical variables, PV power is integrated 
 

3.3. Case 3 
 

 
 

Figure 20. The DFIG-based WTE generated power  
 

 
 

Figure 21. Wind profile used for WTE experiments 
 
In this case, the DFIG-based WTE micro-power plant starts injecting its power at the LAKE 
bus. Figure 20 shows the variation of the injected power in pu which is more fluctuant compared 
to the injected PV power. This power is obtained with certain conditions: The wind profile 
(Figure 21) should be more than 5 m/s and less than 9 m/s [24]. which is equivalent to 1300 
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rpm and 1800 rpm for the WTE respectively. If, due to the wind profile, the control variable 
(voltage of the DC motor) exceeds its limits, the driven torque is no more controlled and we 
stops the power generation. This is shown between 5s and 10s.   
 

 
Figure 22. SG electrical and mechanical variables, WTE power is injected 

 
In this third case study, the mechanical and the electrical quantities are more affected by the 
high fluctuation of the WTE power (Figure 22) compared to the PV power of case 2 but, once 
again, the system is well controlled thanks to the PSS. 

3.4. Case 4 
 

 
 

Figure 23. SG electrical and mechanical variables when both PV and WTE are considered 
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In this last case study, the data of both PV and WTE are used for a power injection at ELM and 
LAKE buses respectively from t=10s. It is clear that the disturbances generated by the 
intermittent injected powers propagate rapidly to the grid connected affecting both generators 
as shown in Figure 23. In addition, the PSS present a fast reaction to the power mismatch 
making voltage and speed remaining to their nominal values for each disturbance.  
 
Comparing case 2, 3 and 4, we conclude that, it is not the quantity of the injected power that 
makes important disturbances, but its variation rate. We see in case 4 that the disturbances are 
the same as case 3. Indeed, the generated power from the two SG is reduced much more in the 
case 4 compared to the case 2 and 3.  
 

4. CONCLUSION 
This paper presents the impact of integrating renewable energy MPP on power grids over 
Africa. Special designed experimental prototypes of renewable energy MPP have been used in 
this study. As there is less wind in Algeria, experimental emulations are used to emulate the 
wind turbines based on a DFIG or based on a SG. Corresponding wind profiles of moderate 
speeds are used. 
In addition, simulated models that reflect the same behaviour as the experimental ones are 
presented. Communication protocols between all the MPP are done thanks to a developed 
firebase database and micro-controller (Wemos ESP8266) programs. An android application 
that plays the role of an external supervisor communicates with the DB and displays the data 
flow in real time. It was shown that the integration of distributed renewable energy production 
thanks to MPP will enforce the weakness of power grids in Africa. It reduces the generated 
power from the conventional generators, hence, reducing the consumption of fuel, minimizing 
the GHE, and reduce many types of losses. The drawbacks are the negative impact on the 
quality of service and on the stability of the power grid due to the intermittent availability of 
the sources. 
 
With an appropriate control of the e.m.f. and the mechanical power of the conventional 
generators, we can reduce the apparatus and the disturbances results from the renewable MPP. 
A proper communication between the MPP, the power plants and the grid system operator will 
help in anticipating the control. 
 
Due to the fact that apparatus and disturbances propagate rapidly in the connected network, the 
control and management of the generated power from renewable sources are very important to 
avoid fragilizing the power grid and to keep the system working at optimal efficiency. 
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GTI: Grid Tie Inverter 
Psref: The reference active power 
Qsref: The reference reactive power  
Idrref: The reference direct rotor current 
Iqrref:  The reference quadrature rotor current 
Vdrref: The reference direct rotor voltage 
Vqrref:  The quadrature rotor voltage 
Ps: The active power 
Qs: The reactive power  
Idr: The direct rotor current 
Iqr:  The quadrature rotor current 
Vs: Stator voltage 
Ls: Stator inductance  
Lr: Rotor inductance  
M:  Mutual inductance  
Rr: Rotor resistance 
sigma: Insulation permittivity 
Ws: Stator pulsation 
𝑓𝑓𝑠𝑠: Stator frequency  
Wr: Slip pulsation 
Wm_opt: Optimum mechanical speed  
lambda_opt: Optimal relative speed 
G: Gearbox ratio  
R: Pale radius,  
Wsp: Wind speed  
Wm: Mechanical speed of the DFIG 
Rp: Parallel resistance 
Rs: Serial resistance 
Ipv: The output current of a PV panel 
Iph: The photon current 
Io: The Diode saturation current 
q: The electron’s charge 
V: The voltage  
T: The temperature 
K The constant of Boltzmann 
a: The quality factor. 
P: The PV generated power 
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PSS: Power System Stabilizers 
AVR: Automatic Voltage Regulator  
e.m.f: Electromotive Force   
LF: Load Flow 
TS: Transient Stability 
𝛿𝛿: The internal angle of the Synchronous Generator 
𝜔𝜔: The rotor speed of the Synchronous Generator 
𝜔𝜔𝑠𝑠: The synchronous speed 
Pm: The mechanical power of the turbine 
Pm.max: The maximum mechanical power of the turbine 
Pm.0:  The nominal value of the mechanical power 
Pm.ref:  The reference value of the mechanical power 
Pe: The electrical power 
Pg: The generated power 
PL: The consumed power 
Vb: The nominal value of the bus voltage  
Eg.max: The maximum electromotive force 
Eg: The electromotive force 
Eg.0: The nominal value of the e.m.f 
Eg.ref: The reference value of the e.m.f 
Ig: The generated current of the SG 
Yg: The admittance of the SG  
Kp:  The proportional coefficient for the AVR or for the speed governor respectively 
Ki:  The integral coefficient for the AVR or for the speed governor respectively 
e: The controller input error (voltage / speed) 
H: The inertia moment 
D: The damping 
R: The resistance 
Xd: The transient reactance 
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APPENDIX A. 
 

Table A.1. Generators transient characteristics 
 

Generators H 
(pu) 

D 
(pu) 

R  
(pu) 

Xd 
(pu) 

Pm.max 
(pu) 

Eg.max 
(pu) 

NORTH 50.0000 0.0600 0.0000 0.2500 2.0000 2.0000 
SOUTH 01.0000 0.1500 0.0000 1.5000 1.0000 1.6000 

 
Where H represents the inertia moment, D is the damping, R is the resistance, Xd is the transient 
reactance, Pm.max is the maximum mechanical power and Eg.max is the maximum electromotive 
force (e.m.f) of the generators.    
 

Table A.2. The initial data for LF and TS programs 
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Bus Pg (pu) PL (pu) Vb (pu) 
NORTH 1.2957 0.0000 1.0600 
SOUTH 0.4000 0.2000 1.0474 
LAKE 0.0000 0.4500 1.0000 
MAIN 0.0000 0.4000 1.0000 
ELM 0.0000 0.6000 1.0000 
Total production 1.6957 - - 
Total consumption  - 1.6500 -  
Total line losses 0.0457 - - 

 
Where Pg is the generated power, PL is the consumed power (load) and Vb is the bus voltage. 
 

 
 

Figure A.1. Experimental hardware setup of the WTE based on a DFIG 
Table A.3. WTE based on a DFIG hardware components 

 
Components  Name  Components Name 
1  DFIG  6 Measure interfaces for DFIG  
2  DC Motor   7 Measure interfaces for DC Motor 
3  PC  8  Autotransformer (stator side)  
4  DS1104 interface  9 Autotransformer (rotor side) 
5  Inverter and Rectifier  10  Power supply (DC excitation)  
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Figure A.2. Experimental hardware setup of the WTE based on a SG 
 

Table A.4. WTE based on a SG hardware components 
 

Component Name Component Name 
1 PC 6 Autotransformer 
2 DC Motor 7 DS1104 interface 
3 SG 8 Filter 
4 Grid side converter (GSC) 9 Sensors 
5 Machine side converter (GSC)   

 

 
 

Figure A.3. Experimental hardware setup of the PV self-made MPP 
 

Table A.5. PV self-made MPP hardware components 
 

Component Name Components Name 
1 PC 7 Circuit breaker 
2 DC Source 8 5.2mH Inductance coil 
3 Rheostat 9 Grid source 
4 Measurement boards 10 Oscilloscope 
5 Transformer 1 (250VA) 11 Power meter 
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6 Transformer 2 (40VA) 12 Voltage differential probe 
 

 
 

Figure A.4. Experimental hardware setup of the PV industrial MPP 
 

Table A.6. PV industrial MPP hardware components 
 

Component Name 
1 Photovoltaic cells (250 W for each one) 
2 GTI YC500 
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