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Regardless its significant potential for generating renewable energy, Moroccan govern-
ment prohibited the injection of production surplus into the low voltage (LV) network
because it still lack the implementing decreases, that represents one of the princi-
pal challenges for residential self-production in the country. The focus of this paper
work is to introduce and analyze a novel fast MPPT strategy applied in an improved
grid-connected Residential PV system respecting the current legislative framework in
Morocco, which allow to the consumer being an actor in the energy transition
towards a low-carbon society by reducing his dependence to the electrical grid and
managing his own energy consumption efficiently by a good switching between photo-
voltaic (PV) source and the grid and therefore making a framework of smart residence
management system. The overall system is designed to improve the energy control
performance with two techniques: the first one uses a novel high performance con-
troller to track the maximum power point (MPP) of a photovoltaic array under fast
irradiation and load changes. Among the advantages of this proposed controller is the
stability of its output voltage with fast response speed to the required
parameters. The second one uses a Power Factor Correction (PFC) circuit
to ensure the power quality regulation in the grid side via a predictive
current control method. Finally, the stability of a closed-loop system is
simulated and analyzed using commercial software offering sufficient condi-
tions to validate a practical stability and robustness of the proposed overall
designed system.
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1. INTRODUCTION

As a result of the demographic dynamics added to human development and economic growth,
energy consumption in Morocco may lead to an increase average which put the country’s natural resources
under pressure. In order to confront this challenge, the government has embarked on series of strategies and
policies to preserve the exhaustion of its finite natural resources to build a sustainable economy and ensure
access to affordable, reliable, sustainable and modern energy for human well-being. According to the IEA [1],
the building sector is the largest energy consumer with 25% share of total energy consumption in Morocco,
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including 18% for residential area. This energy consumption is expected to increase quickly in the coming
years regarding considerable efforts achieved to improve the population’s standard of living and prospects with
multiples activities: significant building programs development; human development initiative; global rural
electrification program for extending access to electricity and the program to improve access to health care and
education added to the significant increase and lower prices in the level of households equipment (water heating,
refrigeration, ...etc.) [2].

This accelerated consumption trend can only be met by increasing supply and controlling energy con-
sumption, Morocco has taken therefore a global leadership position on climate change mitigation by setting
different acts and law of energy efficiency and renewable energy for different sectors and especially for build-
ing sector [3] such as: Law 47-09 of November 2011 relating to energy efficiency in residential and commercial
buildings. It introduces energy performance ratings for buildings, equipment and appliances. The decree no
2-13-874 of November 2015 is about the Thermal Regulation for Construction in Morocco (TRCM) aiming
to optimize heating and cooling necessities in new building by improving the thermal performances of the
envelope while improving thermal comfort and reducing the energy consumption. These laws, along with a
number of other provisions, are the crucial first steps in the process. The geographical location of Morocco
promotes the use of distributed renewable energy systems especially photovoltaic source, that requires further
liberalization, particularly increased access to LV network. Then within the implementation framework for the
photovoltaic energy development, the law No 58-15 amending and supplementing law No 13-09 on renewable
energy was adopted on December 2015. For the opening up of the LV network to decentralized producers,
the implementing Decree is still being prepared and until this time, no date had yet been fixed for these provi-
sions to become effective.

With the existing Moroccan regulatory conditions, the individual producer is not allowed to inject
excess power produced from his renewable source system in the LV network and cannot become a share-
holder in the energy sector by selling surplus production to the grid operator neither can intrinsically reduce
his dependence on power generation plants. In the literature, most issues carried out about building integrated
photovoltaic (PV) system with bidirectional power flow capability based on inverter circuit for grid synchro-
nization control adding to the maximum power point tracking (MPPT) functions [4, 5, 6] and the impact of
interconnecting PV to grid regarding the standardized power quality, the power grid stability and the safety of
equipment [7]. This paper examine an improved model designed for grid connected PV, respecting the actual
Moroccan regulatory requirements by keeping only one direction power flow, starting from generator source
to households appliances based on a proposed novel Maximum Power Point Tracking (MPPT) technique with
higher speed response and stable output voltage waveform of photovoltaic (PV) systems as well as a good load
follower. The overall system configuration is designed and analyzed using time scale domain simulation of
electrical characteristics, showing the stability of DC link output voltage and load power. The performance of
the proposed MPPT control technique and PFC controller circuit are shown and examined.

2. GRID-CONNECTED PHOTOVOLTAIC SYSTEM

Figure 1 illustrates the general topology of the designed model; it consists of the main following
components: the PV array, which generates power directly from solar radiation, the boost converter, whose
switch is operated by the control scheme of the MPPT controller to supply 400V DC distribution networks.
Due to the fact that PV array efficiency mainly depends on irradiance and temperature [8], so that the required
voltage and current are not fed to the loads every time, therefore the LV grid cover the power difference between
load and PV, followed by a single phase diode bridge rectifier, providing constant and one way power flow for
DC-link, from the grid to the load according to Moroccan regulatory, and then the boost converter controller,
which is applied to provide a power factor correction for rectified current waveform.

2.1. PV array

The output power from a single PV cell is relatively small. So the required electrical energy is pro-
duced by grouping the PV cells in series and parallel forming the modules. The PV panels are connected
together to build up the entire PV array and any desired current voltage characteristics could be generated
[9, 10]. The power-voltage (P-V) and Current-Voltage (I-V) curves of the PV array are illustrated in Figure 2.
The manufacturing characteristics measured with the Standard Test Conditions (STC) used in this paper work
are given in Table 1.
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Figure 1. The overall grid connected PV system configuration scheme
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Figure 2. P-V and I-V characteristics of the PV array

Table 1. Specifications of the photovoltaic array

PV panel parameters Value
Maximum power rating Pmax 3254,2 (W)
Short circuit current (Isc) 12,18 (A)
Open circuit voltage (Voc) 341.2 (V)

Voltage at maximum power point Vmp  291,6 (V)
Current at maximum power point Imp 11.16 (A)

2.2. Maximum power point tracking

The maximum power point shown in Figure 2 varies according to the weather conditions. The ba-
sic principle of maximum power point tracking (MPPT) algorithm depends on the exploitation of voltage and
current variations caused due to the pulsations of instantaneous power. Analyzing these variations allows us

to obtain power gradient expressed in the (1) and evaluate whether the solar PV system operates close to the
maximum power point [11]:

0Ppy  O(VpyIpy) dlpy
oVpy oVpy pv +Vev OVpy M

At the maximum power point Pmax, the derivate of power with respect to voltage is equal to zero,
which yields to (2):

AViy (©))
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Where Ipy,, and Vpy,, are respectively the optimal operation current and voltage of PV array at the
condition of maximum power output. In addition, the solar cell exhibits non-linear V-I characteristics as shown
in Figure 2 , therefore the MPPT controller must track the maximum power and match the current environmental
changes [12].

2.3. MPPT controller converter

The MPPT is achieved by using DC-DC Boost converter between PV array and the DC output voltage.
It’s considered as the heart of MPPT hardware for solar PV applications [13]. From the measured voltage and
current, the MPPT algorithm generates the optimal duty ratio to maintain the electrical quantities at values
corresponding to the desired parameters [14]. There are many MPPT methods available in the literature; the
most widely-used techniques are described in [15], the inconvenient of these techniques is the voltage-ripple
emerging during attempts to identify maximum power point. For instance, conventional Perturb Observe (PO)
algorithm causes the ripples (oscillations) even if it reaches maximum power point because of its structure
[16]. This difficulty increases the power losses and hardens the control actions. Hence, some calculation
procedures of conventional PO algorithm was modified and the ripples were corrected [17]. The basic circuit
diagram of boost converter is shown in Figure 3, it mainly consists of an Inductor L, capacitor Cs, controllable
semiconductor switch S, diode D and load . V¢ is the 400V-DC distribution network.

! ILoad

PV Load

Figure 3. Boost converter circuit

Considering the electrical mesh law of the boost converter circuit shown above, we obtain the follow-
ing equation:

dIpy

Vpy — L
PV i

=dVpe 3)

Moreover, by calculation the average value of this equation (3) over the switching period interval [0, 7], it
yields to the following (4):

1 /7 L (T dlpy T
— Vo — — =V, d 4
E /0 PV — 7 /0 7 fole] /o “4)
Where V.. ¢ is the reference voltage that control directly the switching duty cycle ratio . Thus:
T
Vg = [ )
0

Att = T The predicted inductor current will be equal to I,..; , which is the internal reference current
that will determine the PV output current:

L

Vev, — T(IPV<t:T) —1Ipvi,_o) = VD Viey (6)

Therefore, the operation point of the converter by controlling reference voltage calculated in the fol-
lowing (7); the control of V,..; is formulated as a reference current regulation I,.. :
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As explained in the flowchart illustrated in the Figure 4, the reference value that the PV will provide depends
on current needed for residential loads. While the load typically varies with unknown way because of the vari-
ability of residents activities [18]. The MPPT controller system requires an instantaneous measurement of the
load current I7,,,4 , Which will check whether this measured value is higher than the maximum output current
I q of the PV array as given value, therefore the controller will track the MPP and yields to the following
results:

Iref = IPVM (8)

Where Ipy,, is the current calculated in the equation (2). If it is not higher than the maximum output current,
the predicted reference current Iref that the PV controller will track will be equal to the load current value
I10ad- Then, the predicted reference voltage V.. can be calculated from a predicted reference current Iref as
given in the equation (2) and will increase or decrease the PWM duty cycle ratio (D) of the switching device.
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Figure 4. Predictive control algorithm.

2.4. Grid connected to DC-link utility conversion

The single-phase diode bridge rectifier used in the proposed configuration is widely used in low volt-
age distribution systems. However, this classical converter draw non-sinusoidal ac input currents, leading to
low power factors and injection of current harmonics into the utility lines [19]. Therefore, it is essential to
predict the current harmonic levels produced by these converters [20] by associating them with Power Fac-
tor Correction (PFC) stage based on boost topology with a high switching frequency power conversion. The
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major control challenge required of this correcting topology is the capability to follow precisely a rectified si-
nusoidal current reference. The current control techniques have gained importance in AC-DC conversion used
for high performance utilizations, where the fast response and high efficiency are important. Various current
control methods have been proposed in PFC circuits, the most commonly studied are : linear control [21],
hysteresis control [22] and predictive control [23], a comparative study given by [24] shows that the predictive
control offers a good performances regarding to the others proposed control methods in terms of input current
harmonic content and power quality. Therefore this technique makes an extremely attractive choice for our
proposed model. The circuit scheme considered in the paper work is illustrated in Figure 5. It’s realized by
cascading single-phase diode bridge rectifier and boost converter with a PFC controller based on predictive
current control.

Rectifier Boost converter

—_ecutter =000 __ ZEO:eEYE=E - —

I
: , VR() 1 L D' | Vour(f)
I ] T 1 T
I I Lo Sw | I

I I

| — R 2=

i I c =
| 1 ! I
I ! ! |

T T
o _ 1 I
Gattﬂ driver
Carrier
LF L/
I
- Vswres
Limiter _,_‘
Multiplier AT Lernlln _5“)“—\/
ref
Gain_
- 5o
¥

Figure 5. Boost converter with predictive control.

The switch voltage reference Vyy, ., at (k -+ 1) instant is predicted at (k)™ instant itself for the
circuit shown in Figure 5 by means of equation (9):

Vow,ey = VR — T(iZ(t) —ir@)) 9

Where:
- Vg : Rectified voltage.
- 41, : Inductor current.
- 17 The reference current that the inductor current 77, should follow which is proportional to the rectified
voltage.
- T : Modulation period (inverse of switching frequency).

As it will be shown in simulation results, this technique makes it possible to obtain good performances
such as the stability of the system, precise behavior of the currents, input and output voltage.

3. OVERALL SYSTEM CONCEPTION

The overall system design of grid-connected PV using commercial software is given in Figure 6. The
grid-connected PV system consists of a 3kW PV array connected to a 400V DC-link for supplying power to
residential load Rpc through a boost converter controlling the power delivered from the PV using a novel
MPPT controller. On the right side of the system scheme, the 220V AC source provided from single phase
grid ensure local supply continuity when there is a lack of irradiation, the delivered power is converted and
stepped up to 400V DC via diode bridge rectifier associated to the boost converter with a PFC controller. The
specifications and the components used in the proposed design are illustrated in Table 2:
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Figure 6. The overall grid connected PV system scheme.

Table 2. Specifications of the circuit components

Circuit parameters Value
Stray capacitance C1 ImF
Boost inductor L SmH
DC link capacitance (C2) 10pF
DC link Full Load Rp¢ 480
DC link Partial Load Rp¢ 88
MPPT Boost converter switching frequency 10K hz
DC link Voltage 400V
Grid nominal voltage 220Vrms
PFC Boost convetrer switching frequency 10K hz
Boost inductor L1 omH
Stray capacitance Cin 10nF
Output Capacitor C 10mF
Time step simulation Ts lus

4. SIMULATION RESULTS AND ANALYSIS

The aim of these simulations results is to verify the performance of the proposed controllers designed
in previous sections as the proposed MPPT strategy performances regarding voltage stability and response
speed and the good following of the reference. And also the PFC converter performances in forcing the input
current to follow the wave shape of the rectified input voltage added to the automatic switching between grid
and PV for providing stable power to the loads when the environmental conditions are changing. Therefore;
the system is analyzed for different scenarios considering irradiation and load changes:

4.1. Overall grid connected system operating with full-load and irradiation change

The controllers capability is tested with a full residential load under solar irradiation change condi-
tions. As shown by Figure 7; the system was initially subjected to a sun irradiation condition of 500W /m?
until the time ¢ = 5s when it jump to 1000W/m? (using step change), simultaneously the output current,
voltage and power waveforms of the PV array are displayed . It can be seen from the diagram that the power
supplied by the PV array varies according to the intensity of the environment’s light. At 1000W/m?2 of irradia-
tion with full-load condition, the controller is able to track the highest MPP voltage and current values of 290V
and 11A, resulting in a power of 3200W with the least MPP tracking time equal to 0.02s and non-oscillatory
response around the MPPT. Once the system reached its steady state, it proves the stability and the velocity of
the proposed MPPT strategy.

With the same conditions mentioned above; the DC-link system simulation results with the proposed
MPPT controller are shown in Figure 8. it can be seen that despite the decresase of PV Panel power generated
at times when irradiation level is weak (500W/m?) , the response obtained shows the stability of the DC-link
output voltage, which is close to 400V . This voltage value ensures the good switching between AC grid and
PV panel in providing stable power to residential load.
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Figure 7. (a) Solar irradiation change, (b) The output current, voltage and power of the PV array for full-load
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Figure 8. Output voltage, current and power in DC link for full-load

In another hand, from the PFC performances shown in Figure 9, the load is supplied by the AC grid
because of the low irradiation level and the resulting waveforms shows that the rectified current follows the
rectified voltage wave shape and are in phase, which, explain the good tracking capabilities of the Predictive
Current Control method when the irradiation conditions change quickly to the optimal condition of sun irra-
diation. The device find the maximum power point of the PV panel then the rectified grid current tends to be
zero, explaining that in this duration, the electrical grid becomes idle and the power source is switched to the
PV generator.
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Figure 9. Rectified voltage and current waveforms.

4.2. Overall grid connected system operating with partial load considering optimal irradiation condi-
tion

As illustrated by Figure 4 in the previous paragraph, the proposed MPPT controller complies with
both full load and partial load. With standard test conditions (1000W /m? solar irradiation) we use a partial
load of 882, so the needed current for a fixed DC-voltage of 400V is 4.5A, which is smaller than 8A the
maximum output current of the PV. In Figure 10, the DC load draws a new smaller power value from the PV
array (the PV now is not working at MPP as there’s nowhere for the excess power to go). Therefore,the MPPT
controller will adjust the duty cycle of the converter to meet the required load at constant output voltage, then
the PV automatically becomes a load follower and operate at the point where the output power matches the
load, in this example the output power is close to 1800W.
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Figure 10. (a) Output current for partial-load,(b)the PV array current, voltage and power.

Int J Pow Elec & Dri Syst, Vol. 11, No. 2, June 2020 : 942 — 952



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 951

5. CONCLUSION AND PERSPECTIVE

In this paper, we have developed a circuit design of a single-phase grid connected PV for home en-
ergy management system within the Moroccan context of renewable energy integration, that enables users to
economies energy consumption and reduce their dependence on fossil fuel. This paper has presented the mod-
eling and control design of two-stage: PV system based on a boost converter with the proposition of a novel
MPPT technique, with a constant PV output voltage based on predictive control method, to track even the MPP
of a PV or another operating point depending on load change and a single-phase grid connected diode rectifier
with PFC controller for regulating the DC link voltage and the rectified current waveform with a good track of
the reference. The two stages are connected to a residential load and depending on meteorological conditions
they ensure a good switching between them in providing power supplying load. Based on the above analysis
of the simulation results, the controllers designed in each stage of this paper offers good performances in term
of speed of convergence to the required operating voltage and current parameters added the stability of their
waveforms under various atmospheric and operating conditions with minimum tracking time. Hence, this de-
signed system can promote the development of distributed photovoltaic power generation in Morocco and the
residential user can forecast his electrical energy consumption and therefore reduce his electrical bill and be an
actor in saving the environment.

As a future work, controlling the use of households will be proposed in order to use efficiently the
PV generator when we have favorable meteorological conditions by exploiting the Maximum Power Tracking,
and use only necessary loads at night. To enhance the reliability and stability of DC-link voltage, the battery
system can be added to this model in order to maintain the DC link voltage when occurs a power grid outages.
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