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Abstract: PV/Battery microgrids hold the most promising solution for providing electricity to remote areas. However, the 

power quality of these microgrids is vulnerable to nonlinear loads and power electronics components, often necessary to power 

certain systems such as the cereal grinding systems. These grinding systems consist of mills locally designed driven by 

induction motors. Given the constraints of microgrids and the structure of the cereal grinding system, a single-phase-to-three-

phase Power Factor Corrector with two control strategies is proposed. The PFC control is used to control the power quality of 

the microgrid but also to regulate the DC-link voltage. The field oriented control strategy is used to improve the system 

efficiency. The performance of the power converter and control strategies are evaluated in simulation under Simulink 

environment. Results have verified the effectiveness of the proposed controls with a low current Total Harmonic Distortion, a 

near-unity power-factor and a significant efficiency improvement of cereals grinding system. 
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1. Introduction 

In Senegal, more than 55% of the population lives in rural 

areas with an estimated electrification rate of 32%. This low 

electrification rate has hampered socio-economic progress 

and contributes to the persistence of poverty with a high rate 

of food insecurity in rural areas. Thus, to improve the living 

conditions of populations in rural areas, the electrification 

issue must be imperatively resolved. This is all the more true 

since, despite the significant policies efforts, food security 

and access to drinking water remain important issues in rural 

areas of the southern and central regions due to the lack of 

electricity. To solve issues of food security and access to 

drinking water, significant progresses were noted on the 

development of water pumping system and grinding system 

using diesel engines. The use of diesel engines was an 

attractive alternative for traditional methods. The use of 

diesel was an attractive alternative to traditional methods. 

However, the supply of electricity with diesel is problematic 

and very expensive for these populations. Despite this real 

problem, the supply of electricity to rural areas from the 

national electrical grids is not a viable option, as villages are 

often too far from the grids. Thus, it is often too difficult and 

costly to transmit power using extensions of the electrical 

grid. 

To deal with the high cost of grid expansion and the 

variability in diesel fuel cost, the use of renewable energies 

has become a more attractive and viable option for providing 

the required electrical power to rural areas. The production of 

electricity from renewable energy sources is based on the use 

of autonomous solar photovoltaic, wind or hybrid systems. 

However, in Senegal, the wind potential is not high with an 

average wind speed of 4-5 m/s [1]. According to the high 

solar radiation of 5.8 kWh/m
2
/day and 3000 hours of 

sunshine, the solar photovoltaic is a suitable solution. Thus, 

for providing electricity to rural areas, decentralized solar 

photovoltaic energy systems were considered as the best 
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options by the Senegalese government [2]. However due to 

the intermittency of climatic conditions, these decentralized 

energy systems are equipped with a storage device based on a 

battery bank. Thus, PV/battery microgrids are becoming 

attractive options for rural areas and as evidenced by its wide 

discussions in research [3-7].  

Figure 1 shows the global project architecture. The system 

consists of a PV/Battery microgrid, AC electrical loads 

(residential house), and public applications (pumping and 

grinding systems).  

 

Figure 1. Scheme of the global system. 

In order to carry out a complete study of the project, 

several works are planned in the future. This paper is devoted 

to the process of feeding the cereals grinding system from the 

microgrid. The choice to explore cereals processing is all the 

more important because in Senegal cereals constitute the 

food base with an annual per capita consumption of 158.2 kg 

in rural areas and 107.4 kg in urban areas. In the past, mills 

with direct current motors were widely used to grind cereals. 

Today, the process of mechanization of cereals grinding has 

progressed by introducing cereals mills locally designed 

driven by three-phase induction motors powered by 

microgrids implemented in rural areas. The induction motor 

is considered to have a high efficiency, robust design with 

low purchase and maintenance costs requirements [8-10]. 

Thus its coupling with the mill locally designed makes it 

possible to design robust and less expensive cereals grinding 

systems. 

In general, the single-phase nature microgrids are 

considered as weak power systems. To supply the three-phase 

cereals grinding systems from single-phase microgrid, AC-

AC power converters are required. However, a large number 

of conventional power converters generate a large amount of 

current total harmonic distortion with a low power factor and 

no sinusoidal current. A high of current total harmonic 

distortion can have negative effects in the microgrid and 

results in environmental pollution as electromagnetic 

interferences and also may cause a shutdown of other 

equipment [11]. 

The main aim of this paper is to investigate and propose a 

Single-Phase-to-Three-Phase PFC converter that provides a 

sinusoidal input current with a low THD current and a near-

unity power factor and regulate the DC-link voltage. This 

study is also being conducted with the aim of improving the 

cereals grinding efficiency. Thus, two control strategies are 

proposed. Power factor control based on the use of current 

and DC voltage control loops using two Proportional-Integral 

controllers is used to track a suitable sinusoidal in order to 

obtain a near-unity power-factor and to regulate the DC-link 

voltage. The cereals grinding control was achieved using 

field oriented control to improve system efficiency. 

The paper is structured as follows: Section 2 provides a 

detailed description of the system architecture. The system 

components modelling are presented in section 3. Section 4 

presents control technique of the overall system. The 

simulation results, which validate the performances of the 

proposed controls, and the discussions are presented in 

Section 5. In the end, the conclusion of the paper is presented 

in Section 6. 

2. Description of the System 

Figure 2 shows the system under study. It consists of a 

microgrid, a cereals grinding system, an AC-AC power 

converter and a control circuit.  

 

Figure 2. Synoptic of the global controlled system. 
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For the microgrid, the photovoltaic system converts 

directly the sun's radiation into DC electricity. The battery 

bank is charged from the photovoltaic system using a DC/DC 

converter that controls the battery stage of charge. The 

electrical powers generated by the photovoltaic system and 

battery bank are directly connected to the DC bus. The 

energy available on the DC bus will be converted by the 

inverter to power the cereals grinding system. The cereals 

grinding system consists of a mill locally designed and a 

three-phase induction motor. To interface the single phase 

microgrid and the three phase cereals grinding system an AC-

DC-AC power converter with a control circuit is proposed. 

The AC-DC-AC converter consists of a rectifier stage and an 

inverter stage. The control circuit shows that rectifier stage is 

controlled using the active power factor corrector technique 

and the inverter is controlled using the conventional Space 

Vector Modulation technique and the field oriented control. 

3. Modeling of the System Components 

3.1. PV/Battery Microgrid Modeling 

The photovoltaic system and the battery bank are connected 

through a common DC bus as illustrated in Figure 3. 

 

Figure 3. Power flows of the studied microgrid. 

The power flows is described in (1) 
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stPV
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PV system model: The instantaneous power produce by the 

photovoltaic system depends to the photovoltaic panel area, the 

solar irradiation and the ambient temperature Assuming that 

normal operation cell temperature and temperature under 

standard test conditions are 44°C and 25°C, the instantaneous 

power can be calculated by [12]–[16]:  

( )[ ] GAG.TP PVaPVSPV

31030251 −+−β−η=       (2) 

Battery bank: the battery bank is used to store the surplus 

of energy from the photovoltaic system. The energy stored is 

used during low solar radiation or in additional power when 

the total power consumed by the loads is higher than the 

power generated by the photovoltaic system. The total power 

of the storage system can be obtain as follows: 
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P
PP
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The battery stage of charge called also SOC is defined 

according to powers consumed by the loads and then 

generated by the photovoltaic system. 

1) PPV = Pload/ηinv, the battery SOC should remain constant. 

The battery is neither being charged nor discharged. 

2) Pload/ηinv > PPV, the battery bank is in discharging state. 

Thus, the battery SOC will decrease and Pst < 0. 

3) PPV > Pload /ηinv, the battery bank is in charging state. In 

this state, the battery SOC increases and Pst > 0.  

During the charging and discharging states, the battery 

SOC versus time can be described by (4) and (5). For the 

battery safety, the SOC is limited by minimum and maximum 

allowable states. 
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For sizing the microgrid, a real consumption data of 

electricity for a small remote village placed in north-west of 

Senegal village are used. In our case study, a power 

dispatching based on a solar insolation variation is developed 

in this work. With the aim of minimizing loss of power 

supply probability in the village, a sizing method based on 

three criteria (panels area, powers consumed by the loads and 

the nominal capacity of the battery bank) are considered to 

find a best compromise. In the village, the daily average 

consumption is 20-25 kWh with a power peak of 5 kW. Thus, 

the configuration of the microgrid is composed of 

photovoltaic array with an area of 10 m² and a nominal 

storage capacity of 1200Ah. 

3.2. Cereals Grinding System Modeling 

The mill is considered as a mechanical load applied to 

motor shaft. The grinding is the process of reduction of 

cereals grains to powders by the application of various forces 

developed by the hammers. The load torque variation versus 

cereals flow and the rotational speed versus cereals flow 

represent the general mechanical model of the cereals mill. 

The induction motor modelling is widely treated in [17]–

[19]. In d-q reference frame rotating, the electric, magnetic 

and mechanic equations governing the induction motor 

operating is given by: 

( )
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In [20], the model of the cereals mill is developed. The 

load torque variation versus cereals flow and the rotational 

speed versus cereals flow are given by: 

Q×α−ω=ω 0
                              (10) 

cQbQaT milll +×+×=−
2

                    (11) 

Where Po, α, a, b and c are characteristic parameters of the 

cereals mill that can be extracted from experiments. 

The global efficiency of cereals grinding system is usually 

expressed as follow. 

( )
e

CGS
P

cbQaQ ω++=η
2

                        (12) 

To determine characteristic parameters, the cereals grinding 

system has been experimentally characterized using a test 

bench consists of a small local mill prototype and a 3 HP 

induction motor. The characterization method consists in 

varying the cereals flow and taking the speed values and then 

determining the characteristic torque-speed. The cereals flow 

variation and control are possible with the adjustment of the 

mill control valve. The experimental test is done by respecting 

the operation constraints such as the grinding process is done 

during steady-state and valve must be well controlled to 

prevent system jam. Results are presented in Figure 4 and 5. 

 

Figure 4. Grinding system characteristic (Speed, Flow) 

 

Figure 5. Grinding system characteristic (Torque, Speed). 

Characteristic curves variation laws are determined using 

the trend curve method. Curves are useful for parameters 

identification of the developed theoretical model mill. Hence, 

by substituting the (Speed, Flow) equation into the (Torque, 

Speed) expression, it is possible to develop load torque 

expression versus Cereal flow. According to characteristic 

curves, parameters in theoretical equations can be derived 

directly by identification.  

3.3. Design and Modeling of the Converter 

The power quality and the stability are paramount for the 

microgrid. Thus, the design of the converter must take into 

account the microgrid constraints. The power converter must 

offer possibilities to limit the input current harmonic distortion, 

improve the power factor, regulate the DC-link voltage and 

generate a three phase voltage source of variables amplitude 

and frequency. In fact, a converter which consists of a single 

phase power factor corrector rectifier and a three-phase 

inverter converter in cascade connection is proposed. A 

schematic diagram of proposed converter is shown in Figure 6. 

 

Figure 6. Equivalent circuit of the PFC rectifier converter. 

The operating principle of the inverter is based on power 

switches that supply the grain cereals grinding system with 

adjustable frequency and amplitude. The converter modeling 

can be limited to the rectifier modeling. To simplify the rectifier 

modeling, losses of the input inductor and the output capacitor 

are neglected, and the semiconductor components are assumed 

ideal. The power switches (K1, K2, K3, K4) define the converter 

operation according to their state. The equivalent circuit 

operating principles can be explained by examining the different 

operating modes depending on the power switches states. 

Mode 1: (K1, K3) are turned on and (K2, K4) are turned off. 

The related equation of this operating mode is: 

dcg

g
vv

dt

di
L −=                        (13) 

Mode 2: (K2, K4) are turned on and (K1, K3) are turned off. 

The related equation of this operating mode is: 

dcg

g
vv

dt

di
L +=                         (14) 

Mode 3 and Mode 4 corresponds to the positive-half-cycle 

(K1, K4 are on and K2, K3 are off) and the negative-half-cycle 

(K2, K3 are on and K1, K4 are off) of the voltage source, 

respectively. During these periods, the inductance is charged 
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from input voltage source. The related equation of operating 

modes 3 and 4 can be derived as: 

g

g
v

dt

di
L =                                  (15) 

Considering the related equations of these four operating 

modes and by applying Kirchhoff laws to the output filter 

capacitor, the rectifier can be modelled analytically in the 

general case by the following equations: 

dcg

g
vkv

dt

di
L −=                       (16) 

sg

dc iki
dt

dv
C −=                           (17) 

The parameter k denotes the switching function of 

switches. It is defined as: 


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4. Proposed Control System 

The developed strategies are based on power factor control 

and field oriented control  

4.1. Power Factor Control 

The control scheme consists of current and DC voltage 

control loops using two Proportional-Integral controllers as 

shown in Figure 7. The outer voltage loop is aimed to 

regulate the DC link voltage and to stabilize it around a 

desired value. And, the inner current loop is aimed to provide 

sinusoidal input current and to improve the input power 

factor. 

For the control principle, output voltage and reference 

values are compared. The resulting value, passes through the 

voltage controller, which generates the current reference by 

multiplying it to the instantaneous voltage source considered 

as sinusoidal. The difference of reference and sensed inductor 

currents is fed back to the current controller and the resulting 

output signal is compared with a fixed frequency carrier 

wave to generate Pulse-Width-Modulated gating signals for 

power switches. 

 

Figure 7. Block diagram of DC voltage and current loops control. 

Where: Ci(s) and Ci(s) are transfer functions of current and 

voltage PI controllers. It are given by following relations: 
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To determine the transfer functions for current and voltage 

loops, the rectifier output is modeled as a nominal resistive 

(RL) and the input inductor equivalent series resistance (rL) is 

taking account. 

DC link voltage regulation: The voltage and current to be 

controlled can be defined as quantities with direct 

components (Vdc, Ig) and variable components ( dcg v~,i
~

). 

Thus, the power balance can be written as: 
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                                             (21) 

Considering that the variable component is very small 

compared to the direct component, the power balance can be 

rewritten as follows: 
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With the assumption of effective power transfer between 

source and load, the power balance can be expressed as 

dc
L
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CR

V

i
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
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24

                    (23) 

Thus, the transfer function of the voltage loop can be 

expressed as follows: 

sT

K
)s(G

v

v

v +
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1
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Where 

dc

gL

v
V

VR
K

4
= and 

2

CR
T L
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According to transfer function of voltage PI controller and 

the transfer function of the voltage loop, the closed loop 

transfer functions of DC-link voltage is given by: 
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The controller’s parameters are determined by using the 

pole placement method and considering for, the outer loop is 

designed to be sufficiently slower than the inner loop to 

ensure the control system stability. The PI controller 

parameters of the voltage control loop can be calculated 

using following expressions: 

2

12
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12 −ξω
=                           (27) 

Input current control: The instantaneous electrical equation 

at the converter input can be written as follows: 

rggL

g
vvir

dt

di
L −=+                          (28) 

The transfer function of current loop is established by 

applying the Laplace transform to the electrical equation with 

the assumption that the converter can be modelled by a static 

gain Gs, which represents the ratio between the output 

voltage and the modulation voltages, and that the term vg(s) 

is presented as a perturbation. These assumptions allows to 

establish the following relationship: 

[ ] ( ) ( )svGsirLs rsgL −=+                    (29) 

Thus, the transfer function of current loop is: 

sT

K
)s(G

i

i

i +
=

1
                             (30) 
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According to (19) and (30), the closed loop transfer 

function of the current is given by: 
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The controller’s parameters are determined by using the 

pole placement method. It can be calculated using following 

expressions: 
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4.2. Field Oriented Control 

The field oriented control has become the most method used 

for speed and flux controls. This control strategy is based on 

decoupling the motor torque and fluxes, then the DC motor 

performance can be achieved [21], [22]. The speed and flux 

are controlled in external closed-loops control using two PI 

controllers. Currents components are controlled in internal 

closed-loops control using two PI controllers [23], [24]. 

Internal closed-loops: The closed-loop currents scheme 

using PI controllers is presented in Figure 8.  

 

Figure 8. Currents closed loop control. 

According to the electrical equations of the induction 

motor, the controlling terms of stator currents in d-q axis are 

given by: 

( ) sdqss
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sdq isLRv σ+=                      (34) 

The expression is used to express the current transfer 

functions.  
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The parameters of currents PI controllers are tuned using 

the pole zero cancellation technique. It has allowed to 

eliminate the pole zero introduced in the transfer function in 

closed loop. By introducing the time constant τc, the closed 

loop transfer function and relationships derived of pole zero 

cancellation technique are given by (36), (37) and (38). 
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Based on these equations, the PI controller parameters can 

be calculated by followings relations. 
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External closed-loops: The value and the transfer function 

of the rotor flux are estimated and expressed using the 

following expressions:  
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The PI controller gains for closed-loop control are tuned 

based on pole zero cancellation method. By definingτφ as the 

time constant, it can be calculated by: 
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Speed control is the most important point of this 

application. Control strategy used in closed loop can allow to 

determinate the operating speed of the cereals grinding 

system by a fixing a desired value. The closed-loop speed 

scheme is shown in Figure 9. 

 

Figure 9. Speed closed loop control. 

For the speed loop control, the transfer function of the PI 

controller is: 
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K
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Based on schematic representation, the speed control 

equation is: 
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Assuming that the load torque exerted by the cereals 

grinding system is considered as a perturbation, the closed 

loop transfer function of the speed can be expressed as follows: 
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The closed-loop transfer function is identical to a second 

order system. Hence, the PI gains are given by (47) and (48). 

rcp fJK −ξω=ω 2                    (47) 

2

ci JK ω=ω                                (48) 

5. Simulation Results 

This section aims to evaluate the proposed control strategies. 

The simulation was done using parameters given in Appendix. 

Figure 10 gives the input line current (a), voltage and current 

waveforms (b) and the current total harmonic distortion (c). 

For results, the input current is all time sinusoidal and in phase 

with the supply voltage. The current harmonic distortion is 

very low and the power factor is about 0.99. The DC-link 

voltage for different loads is presented in Fig. 11. From results, 

it can be seen that it tracks perfectly the fixed reference signal 

with a good dynamic response. Thus, it can be conclude that 

the proposed controlled converter has a power factor close to 

unity with low current harmonic distortion.  

 

Figure 10. Results for the input current line. 

 

Figure 11. DC link voltage. 
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Figure 12. Reference and measured speeds with and without control. 

 

Figure 13. Efficiencies versus cereals flow comparison. 

Figure12 shows the operating speeds of the cereals grinding 

system with and without control. The operating speed converge 

to the reference perfectly. The tracking is quite satisfactory for 

controlling system operating speed. The possibility to control 

operating speed limits flour losses and improves cereals grinding 

system efficiency. Efficiencies comparison between the 

proposed and the conventional cereals grinding systems under 

various loads are shown in Figure 13 Result exhibits that the 

proposed cereals grinding system has higher efficiency than the 

conventional system. Results also illustrate that for having a 

good efficiency, the mill must operate at rated load with a 

perfect speed control. In conclusion to simulations, the results 

show the good performances of controllers. In addition to the 

advantages of power factor correction, reduction of the 

harmonic distortion and output voltage regulation, the efficiency 

is significantly improved. 

6. Conclusion 

In this paper, we have discussed the problem of designing 

and controlling a converter to interface a cereals grinding 

system and a single-phase PV/battery microgrid. A controlled 

AC/DC/AC converter was proposed. The detailed operating 

principles and analytical models of the system are provided 

in this document. . As for controls, two strategies with 

multiple control loops system based on power factor control 

and field oriented control were designed accordingly in order 

to obtain a unity power factor, to regulate the DC-link 

voltage and to regulate the operating speed of the cereals 

grinding system. The models of the power converter and the 

cereals grinding systems and its control were implemented 

under Simulink. The results show that the proposed controls 

achieve the fixed objectives: The obtained current harmonic 

distortion is significantly reduced. A unity power factor is 

obtained and the efficiency of the cereals grinding system is 

improved significantly. 

 

Appendix 

Table 1. Simulation parameters. 

MGs parameters Motor Parameters 

APV = 10 m2 Lm = 259.836 mH 

β = 0.0037/°C Ls = 270.315 mH 

ηinv = 90 % Lr =270.315 mH 

TC (STC) = 25 °C Rr = 4.446 Ω 

ηPVS = 85 % Rs = 2.4751 Ω 

rL= 0.808 Ω fr = 0.0026 Nm.s.rad-1 

L=3 mh J = 0.023 kg.m2 

Nomenclature 

Pload  - Total power consumed by the loads 

PPV - Power generated by the PV system; 

Pst - Power flowing from/to the storage system 

ηinv  - Inverter efficiency 

APV - Photovoltaic system area 

Ta - Ambient temperature 

G - Solar irradiation 

ηCGS - Efficiency of cereals grinding system  

ηcha - Battery efficiency during charging state 

ηdis - Battery efficiency during discharging state 

ηPVS - Maximum power point efficiency 

Ubus - Nominal DC-link bus voltage 

Cn - Nominal capacity of battery storage 

Β - Temperature coefficient 

vsd - Voltage stator component in d axis 

vsq - Voltage stator component in q axis 

isd - Current stator component in d axis 

isq - Current stator component in q axis 

ϕrd - Rotor flux component in d axis 

ϕrq - Rotor flux component in q axis 

Ls - Stator inductance 

Lr - Rotor inductance 

Lm - Mutual inductance 

Rs - Stator resistance 

Rr - Rotor resistance 

J - Moment of inertia. 

ωs,  - Synchronous speed 

Ω - Rotor speed 

Ω - Mechanical speed 

fr - Friction coefficient 

P - Number of poles pairs 

Te - Electromagnetic torque 

Q - Cereals flow 

vdc - DC-link voltage 

L - Input inductance 

K - Switching function of rectifier switches 

ig - Current of the microgrid 

is - Input current of the voltage inverter 

C - Output DC-link capacitor 

ξ  - Damping factor 

ciω  - Natural frequency of rectifier current loop 

cvω  - Natural frequency of rectifier voltage loop 

cω  - Own pulsation the closed-loop speed 
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