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Abstract -- This research paper represents a part of a 

Senegalese project established to improve living 

conditions in rural areas. The project is based on 

setting up a robust grinding device offering more 

possibilities in handling with craft mills designed 

locally. Grinding devices represent a complex 

mechanical load which depends on the mill design and 

the nature, quality and quantity of cereals to be grind.

The objectives of this work are first to study and 

characterize the craft mills then elaborate an efficient 

control for the mini-grid photovoltaic powered 

induction motors driving the mills.

Theoretical study was carried out to characterize

the mills and it was validated experimentally on a 

locally designed test-bench. Experimental tests show 

that working with variable cereal flow gives better 

results on the grinding device performances and on the 

product quality.

Simulation results with Field- Oriented Control 

(FOC) strategy are presented and show good 

performances for grinding with variable speed.

Index Terms — Craft mill, variable cereal flow, PV mini-

grid, induction motor, FOC.

1. NOMENCLATURE

sqsd V;V :    d, q-axis stator voltage components;  

sqsd i;i         d, q -axis stator current components; 

rqrd ;ff       d, q-axis rotor flux components; 

rs R,R        Stator and rotor resistances; 

rs L,L         Stator and rotor inductances; 

mL             Mutual inductances; 

rs ω,ω        Stator and rotor angular speed;  

Ω               Mechanical speed;  

mC Electromagnetic torque; 

rC         Load torque; 

rf               Friction coefficient; 

J                Inertia; 

2. INTRODUCTION

In the present context, more than 40% of remote areas 

don't have access to electricity in Senegal. It's a limiting 

factor for the development and improvement of living 

conditions in these regions. To solve this problem, mini-

grids based on photovoltaic solar plant are implemented in 

remote areas. Fig. 1 shows the mini-grid and the existing 

electrical loads in these areas. 

 

 
 
Fig.  1.  Mini-grid PV and electrical loads scheme 

Mini-grids are used for domestic electrical loads and 

motorized loads like water pumping and grinding devices 

for public use. This paper is devoted to the grinding 

device. 

In rural areas, cereals grinding was traditionally done 

with mortar and pestle. This grinding method is laborious, 

no longer profitable and gives final products with limited 

life time. For these reasons, the mechanization of this 

process is an unavoidable solution. The mechanization 

consists of driving the crafts mills with a three phase 

induction motor in order to have a robust and less 

expensive grinding device [1], [2]. 

Craft mills are increasingly used today for various 

reasons including local manufacturing possibility, low 

cost, ease adjustment and availability of spare materials 

[3].  
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The major problem with craft mills are the lack of 

datasheets required for sizing the electrical motor suitable 

for this mechanical load. In most craft mills currently 

used, speed variation is assured by a pulley-belt system 

and requires continuous maintenance. 

    The aim of this paper is to characterize and to control 

the craft mill. The characterization allows to size the 

electrical motor. Using FOC with a three-phase induction 

motor allows to operate at variable speed. This will 

improve the performances in order to have better quality 

product and minimize time losses due to mill jam. 

    The paper is organized as follows: section 3 presents 

the grinding device. The characterization of the craft mill 

is described in section 4. Section 5 is devoted to the 

control strategy. Results and discussions are presented in 

section 6. The paper is concluded in section 7. 

3. GRINDING DEVICE PRESENTATION

    A grinding device (fig. 2) is composed of a craft mill 

and an induction motor. 

 

Fig.  2. Grinding device 

The craft mill is composed of: 

· The feed hopper; the tank where the cereals are placed. 

· The waltz, located under the feed hopper; 

· The hammers, fixed on the motor shaft; 

· The sieve; circular shape with perforations. 

 

When the motor start, the shaft activates hammers in 

the grinding chamber. Under the effect of centrifugal 

forces, cereals are projected in the grinding chamber then

crushed and pulverized. Small grains pass through the 

sieve gates and are collected. 

To have a good quality of final product, cereal quantity 

in grinding chamber and grinding speed should be 

controlled. The waltz is used to regulate cereal flow across 

grinding chamber. A very large flow can cause an 

overload or a machine jam.  

4. CHARACTERIZATION OF THE CRAFT MILL

The characterization allows to determine the craft mill 

parameters and the variation laws of speed and load torque 

versus to cereal flow. The proposed method is based on a 

theoretical study and experimental tests.   

A. Theoretical study

The craft mill functioning depends in large part on the 

cereal flow. The regulation of cereal flow is necessary to 

assure a correct operation of the system. Cereal flow may 

be defined as cereal quantity released by waltz in time 

units in the grinding chamber. Cereal flow expression is 

given by (1).  

t

m
Q

D
=                                                                             (1) 

Where: 

(kg/min); flow cereal is Q  

; (min)unit   timeis  tD  

 (kg);quantity  cereal is  m  

     Craft mills operation in steady state is characterized by 

speed variation versus cereal flow. Therefore, speed can 

be modeled with a linear function versus to cereal flow. 

The relation between these parameters is given by (2). 

Dcoo ´-=ww                                                              (2)  

Where: 

(rd/s) load without speed mill is ω

(rd/s) speed mill is  ω

o

;  

parameter ticcharacteis mill is oc  

    The mill represents a mechanical load to the motor. It's 

characterized by the variation of load torque versus speed 

and the variations of speed and torque versus cereal flow.  

     Theoretically, loads are characterized by four types of 

existing load torque depending on applications. The craft 

mill is more complex with an operating principle that 

doesn’t exactly reflect one of these loads torques. Load 

torque profile that characterizes the mill is based on the 

operating principle. To determine the profile of the load 

torque, it’s necessary to take into account all the existing 

variations laws. Thus, the general load torque expression 

of the mill is given by (3) 

1
4

2
321

-+++= www ccccCr     (3) 

.parameters sticcharacteri millcraft  are  ,,, 4321 cccc   

Theoretical expressions (2) and (3) allow to determine the 

torque load variation law versus cereal flow. The 

determination of these parameters is done experimentally. 
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B. Experimental tests.  

The experimental characterization of the mill consists to 

determining the characteristic parameters in the theoretical 

relations (2) and (3).  The test bench, presented in fig. 3, is 

used to determine these parameters. 

 

 
Fig.  3. Experimental test bench of the craft mill with the induction motor 

  

       To characterize the device and simulate the control 

strategy, the test bench is realized. It’s essentially 

composed of the following elements: 

      • Craft mill represented in section 3. It has a hopper 

pyramid-shaped with a capacity about 10 kg. 

      • Three phase induction motor fixed on the craft mill. 

It has a rated power of 2200 W. 

      • Industrial speed drive Altivar with a scalar control 

V/f. It allows to vary the grinding speed.  

 

   Electrical network analyzer and tachometer are 

respectively used to measure electricals quantity and the 

speed. 

 The aim of the test is to determine the variation of the 

speed and the torque load. The principle is to determine 

mechanical and electrical output values for different value 

of the cereal flow in steady state. This is done by 

maintaining the cereal quantity inside the grinding 

chamber for each measure.  Results allow to have the 

speed variation versus cereal flow and the load torque 

versus speed. Results of the experimental test are shown 

in Fig. 4 and Fig. 5. 

 

Fig.  4. Speed variation versus to the flow 

 
Fig.  5. Torque variation versus to the speed 
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Curves represent speed and torque load variations for 

different values of cereal flow. Fig. 5 shows that the speed 

vary linearly versus cereal flow. Fig 6 shows that the 

waveform of load torque doesn’t reflect one of four 

existing loads torques. Results confirm the theoretical 

study. To determine the parameters of theoretical 

relations, the trend curve method is used. It has allowed to 

determine the parameters of (2) and (3), given in Table I. 

TABLE I 

Mill characteristic parameters  

Parameters      Values 

1c .m N 091.22  

2c N.m.s/rd 12.031-  

3c 22/rdN.m.s 0.0171  

4c N.m..rd/s 0  

oc rd.kg 5,8161  

ow  rd/s 313,47  

 

The speed expression versus cereal flow is given by (4). 

D´-= 8161.547.313w                                                 (4) 

With speed relation, load torque can be written as 

function of flow by combining (3), (4) and table I. 

Equation (5) gives the relation that binds torque and flow. 

047,0 7,621  578,0 2 +´+´= DDCr                           (5) 

The term 0.047 is related to errors of measurements, 

and the waste after each grinding phase. 

5. CONTROL STRATEGY

The control is based on the FOC, allows to control 

separately flux and torque by the current components and 

have a variable speed functioning [4], [5], [6]. For this 

strategy, the model in the synchronous reference frame is 

used. Applying Laplace transform to the equations has 

allowed to establish control strategy relationships.  

Electrical equations of an induction motor in a 

synchronous reference frame can be represented by (6): 

ï
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Where:   )1(
2

rs

m
sss

LL

L
LL -=  

Equation (7) gives the magnetic relation.  

sd
r

m
r i

sT

L

1+
=f                                                               (7) 

Where: 
r

r
r

R

L
T =  

The relation (8) allows to reconstruct the stator angular 

position from the mechanical and rotor speed.  

sq
rr

m
s i

T

L
p

f
w +W=                                                         (8) 

       The decoupling method is used to eliminate the 

currents relations in (6). The controlling terms )V ,(V sq1sd1  

and decoupling terms )E ,(E sqsd  is given by (9) and (10). 

sdssssd isLRV )(1 +=            sqss
r

r

m
sd iL

dt

d

L

L
E w

f
-=         (9) 

sqssssq isLRV )(1 +=             r
r

m
ssdsssq

L

L
iLE fww +=     (10)  

 For indirect control strategy, the flux is fixed in open 

loop, currents and speed are controlled by PI correctors. 

A. Currents control

 Vsd1 and Vsq1 expressions are used for currents control. 

Closed loop control for currents is given by Fig. 6.  

 

Fig.  6. Currents closed loop control 

 

Equation (11) gives the open loop transfer function.  

)1(

1

1

s
K

K

s

K

s
R

L

R
F
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s

ss

s
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+
=                                  (11) 

The pole zero cancellation technique has allowed to 

eliminate the pole zero introduced in the transfer function 

in closed loop. The relationship of this technique and the 

transfer function in open loop are given by (12) and (13). 

ii

pi

s

ss

K

K

R

L
=                                                                     (12) 

s

K

R
F ii

s
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1
=                                                                  (13) 

In closed loop, the transfer function is given by (14). 

s
s

K

R
F

c

ii

s
cl t+

=
+

=
1

1

1

1
                                               (14)

The transfer function has allowed to determine the PI 

controller parameters )K and (K piii  given by (15) and (16). 

 
c

s
ii

R
K

t
=                                                                      (15) 

c

ss
pi

L
K

t
=                                                                      (16) 

ct : The time constant. 
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B. Speed control

Speed control is the most important point of this 

application. Control strategy used in closed loop can allow 

to determinate speed grinding by a fixed reference. Fig. 8 

shows scheme of speed control in closed-loop. 

 

Fig.  7. Speed closed loop control 

 

Equation (17) gives the closed loop transfer function.  
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The closed-loop transfer function is identical to a second 

order system whose the denominator is given by (18). 

1
21 2

2
++= ssF

cc

s
w
x

w
                                                   (18)

The equivalence between the denominator of (17) and 

(18) allows to determine the corrector parameters.  

The PI correctors parameters ( iωpω K and K ) versus to the 

amortization parameter ( ξ ) and the own pulsation )(ωc , 

are given by (19) and (20). 

2
ci JK ww =                                                                     (19) 

rcp fJK -= xww 2                                                         (20) 

     To get a slight overrun with a fast enough response, we 

have chosen an amortization factor of 0.7 with a response 

time of 0.25 s corresponding to an own pulsation of 12 rd. 

     With the indirect control strategy used, the flux is fixed 

in open loop. Park angle is obtained by integration the 

stator pulsation [7], [8]. References currents are obtained 

from flux and torque references in state steady.  Equations 

(21), (22) and (23) give control relations.  

ò +W= dti
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q                                                 (21) 
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6. SIMULATION RESULTS 

     The simulation model is composed to the grinding 

device fed by three-phase inverter. In order to evaluate the 

control performances with the craft mill, simulations using 

Matlab-Simulink are done. The simulation parameters and 

rated values of the induction motor are given in Appendix.  

Simulation results are presented in the following curves. 

 
Fig.  8.  Flow variation 

The load profile used for the grinding device simulation is 

illustrated in Fig. 8. The flow variation is based on the 

craft mil operating principle. It simulates under following 

operating conditions. 

 - The craft mill is gradually loading;  

-  The craft mill is a half load;  

-  The craft mill is in rated load. 

 
Fig.  9. Speed variation 

Fig. 9 shows the applied control strategy performances for 

the system. The speed is maintained to the reference value 

despite the load application. The possibility to operate at 

variable speed by fixing the reference, limits flour losses 

when one wants to make the semolina. These losses were 

significant because the mill operated at rated speed 

regardless of the product with the only possibility to 

change the sieve. The FOC gives good results for the 

system with an efficient speed control. 

 
Fig.  10. Current variation 

Fig. 10 shows the instantaneous and the effective value 

variation of the current. The current is perfectly sinusoidal 

with a proportional variation of its effective value with the 

cereal flow. Thus, to control the current it's necessary to 

control the cereal flow. 
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Fig.  11. Mechanical power 

Electrical and mechanical powers waveform are shown in 

Fig. 11. It have the same shape and vary proportionally 

with the cereal flow. Variations are explained by the 

increasing of the current and the load torque versus to the 

cereal flow.  Results shows the depending of electrical and 

mechanical powers according to the cereal flow. 

 

 

Fig.  12. Efficiency 

The efficiency of the grinding system is shown in fig 12.  

The result illustrate the variation of the efficiency for the 

three conditions simulations. For low loads, the 

performance of system is bad. It causes a longer grinding 

time and an important energy loss. To have a good 

efficiency for the system, the craft mill must operate at 

rated load. 

     The experimental and simulation results confirm the 

theoretical study. It has well. However, the results can be 

ameliorated, because it are based on the craft mill 

parameters that can be depending of other parameters 

neglected in this work.  

7. CONCLUSION 

       The characterization and the control of a grinding 

device have been presented in this paper. The proposed 

method is based on theoretical study and experimental 

tests. It allows to determine the general relations that 

characterizes the crafts mill and the parameters of the mill 

used. Simulations of the craft mill with the FOC and the 

parameters give satisfactory results with the ability to 

control the speed and the load, in order to have a good 

final product and a good efficiency. The actuator must be 

chosen to accord to the mill capacity and the mini-grid 

power. However, this work is the first part based on the 

simulation. As perspective, it will be validated using a 

dSPACE prototyping systems. 
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APPENDIX

TABLE II 

Motor parameters 

             Parameters               Values 

Rated frequency nf  Hz50  

Rated power  nP   W2200  

Rated current  nI  A 5.03  

Rated speed nw  rd/s 299.5  

Rated voltage  nV  V400  

 

TABLE III 

Simulation parameters 

             Parameters               Values 

dcV  V565  

sR  Ω 2,475  

rR  Ω 4,446  

sL  mH 270,315  

rL  mH 270,315  

mL  mH 259,836  

rf  -1N.m.s.rd 0,0026  

J  -12rdN.m.s 0,023  
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