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In this paper, the authors propose the implantation of the scalar control for controlling the
open-end winding induction machine on FPGA. The scalar control is simulated in matlab
Simulink environment using a Xilinx System Generator. This control is implemented in a Xilinx
Spartan 3E FPGA board. It is experimentally verified by the visualization of command signals
for the switches of the inverters.
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1. Introduction

The power segmentation is now a major interest in electrical engineering researches. the
considerable interests are given for multiphase machines [1,2], multi star machines [3,4],
and open-end stator windings induction machines “OEWIM” [5-8], and the dual open-end
stator windings induction machines [9,10].

The implementation of digital control of electric machines on the Field Programmable
Gate Arrays FPGA occupies a large part of industrial drive systems. Indeed, the "FPGA"
are reconfigurable components. They present the advantage that they can be reconfigured as
many times as needed which allows their quickly reuse with different algorithms. In
addition, they present time very impressive calculation capabilities without forgetting the
flexibility that they offer for the designer since it is alone to design algorithms [11] and to
implement them [12-17].

The authors treat in the paper three parts:

In the first part, the different modules made which allowed to have the scalar control are
presented. The each module is validated in the Matlab-Simulink environment using Xilinx
System Generator.

The second part is presented the digitization validation of the scalar control for an open-
end winding induction machine using Matlab-simulink with Xinlinx System Generator.

Finally, the composed algorithm of the different modules of the scalar control is
implemented on Spartan 3E FPGA board. The implementation is verified by the
visualization of command signals for the switches of the inverters.

2. Digitization of the scalar control

Before commencing the digitization of the scalar control "V / f law ", the figure 1 shows
the supply of the open-end winding induction machine by two PWM voltage source
inverters based on V/f law.
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Fig. 1. Open-end winding induction machine supplied by two voltage source inverters.

The figure 2 shows the principle of PWM to supply the open-end winding induction
machine by two 2- level inverters.
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Fig. 2. Principle of the PWM sine triangle.

The principle of the scalar control “V / flaw” is to vary the speed of the machine while
holding constant the ratio of the voltage about the stator frequency.

In the following, we will interest in the numerical algorithm of the “V / f law”, for this
we must generate three voltages of variable references in amplitude and frequency during
the acceleration phase which corresponds to the transitional regime.

The three reference signals are compared with a triangular carrier for the command
signals. Then just create the dead time in order to avoid any short circuit between the
different switches.

421



A. Nayli et all: Implantation of the scalar control for the “OEWIM” On FPGA ...

The different blocks necessary to obtain the control signals for each entry of the stator
windings, are shown in figure 3.
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Fig. 3. Diagram of the scalar control "V / f law".

By the figure 3, the diagram of the digitization of the scalar control "V / f law" groups
the following modules:

- Triangle module

- Generation module of the variation law

- Generation module of the reference voltages

- Comparison module

- Module of the dead time

- Module of the shift 180 °.

2.1. Triangle module

This module generates a triangular carrier of the frequency and fixed amplitude. The
triangular design of a signal is based on the block counter / down counter which counts
from O to (N-1) / 2 and count of (N-1) /2 to 0, is shown in the figure 4.

422



J. Electrical Systems 11-4 (2015): 420-432
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Fig. 4. Principle of a digital triangular carrier.

With :

- T, : the period of the counter and down counter

- Ty : the period of the triangular carrier = chopping period of the inverter

- f;: the frequency of the triangular carrier

- f: the frequency of the counter and down counter

- n: number of bits of the counter / down counter

- N-1=2"-1: modulo counter / down counter

We will use an operating frequency identical to that used for the simulation in the
Matlab Simulink environment, is a frequency triangular signal f, equal to 3150Hz. This

value will be adjusted to 3258Hz order to have all periods of the operation of the integer
values.

T, = 1 = 306900ns (1)

t
The clock period of the counter can be determined according to the period of the
triangular carrier by the following relationship:

T, =N -1).T 4 (2)
So we must determine the period counter and down counter as equal:
-9
306900 .10
= =300ns (3
“ 1023 )
1
fq = —=3.333MHz 4)
TCt
We use a RS flip-flop to control the counter / down counter block. The output of this

10 _4

flip-flop is set to 1 if the counter reaches the maximum amplitude =512 .

The block counter fonctions as a down counter to the minimum value which is equal to O.

The detection of the maximum count value (512) and the minimum value of counting (0)
is provided by the two comparison blocks C1 and C2 of the figure 5. According to the state
of the two comparators, we must give orders (sel) to the multiplexer across the RS flip-flop
to indicate the operating state of the up / down counter.

The module of the triangular signal is mainly constituted by an counter, an RS flip-flop,
a multiplexer and two comparators. In the figure 5, this module is presented in System
Generator.
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We show the operation of the RS flip-flop and block counter / down counter in the

following truth table.

Table 1: Truth table of the RS flip-flop.

S R sel Operation

0 1 0 Counter

0 0 0

! 0 ! Down counter
0 0 1

- If the selection entry “sel” equals O then the multiplexer passes in its output, input
dy = 1 that forces the input up / down counter to 1, this latter it starts counting to the max
value.

- If the input “sel” is equal to 1 then the multiplexer passes in its output, input d1 = 0
that forces the input up/ down counter to 0, to get this up/down counter in phase down
counting up to O.

From the truth table of the RS flip-flop, we can extract the following equation:

Q,=RS+R.Q,_; 5)

After the output of the counter, we added a block 'scale' and a block of subtraction that
allows to have a triangle whose amplitude varies between (-1) and 1 to center the triangle
obtained on time axis, thereafter the amplitude of the triangle is regulated by adding a
multiplication block whose the constant is equal to Vmax. The simulation result of the
triangular signal is shown in the figure 5.
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Fig. 5. Carrier triangular block and simulation result.
2.2. Generation module of the variation law and of the angle 0
For the realization of this module, we desire have the possibility to vary at starting, the

value of the frequency and the acceleration time. In the figure 6, we represent the general
generation module of the variation law of the acceleration time and the angle 0.
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The design of this module groups the following blocks:
- Generation Block of the variation law of the frequency and of the acceleration time

With the aid of the library "system generator”, we carry a slope "f / tacc" with
saturation. To do this we use a 12-bit adder block and a delay block that replaces the ramp
under "Simulink". Then we have a comparator that will block its 4087 counter maximum
value for the saturation which fixes the value of the frequency f. Initially, the output of the
adder is equal to 1, from where the input 'en' of the adder is forced to 1; it starts to
increment up to maximum value 4087. Thereafter for pass the blocking phase, the
comparison block 4087 detects the maximum value and the input 'en' goes to 0.

To fix the value of the desired frequency, we multiplied by a constant K,

! ) which allows us to have a unit amplitude. Then we inserted a

(K2 = 21
multiplication block to specify the value of the frequency f. For the voltage, we have
multiplied by a constant equal to V.
- Generation block of the angle 0
The angle 6 is always varying between 0 and 27 , then to determine the angle 6, we
have the following relationship:
0=[odi=[2nfd (6

o : angular speed (rad.s™)

f : frequency (Hz)
In digital, the integration requires the multiplication of the entries of integrator block by

a sampling period Te, as shown in the equation below:
z S(z
z—1 E(z)

I(z) = T,.

His recursion equation is:
skk) =sk =1) +T..ek) (8)
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Fig. 6. Generation block of the angle 0.
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2.3. Generation module of the reference voltages

To obtain the reference voltages (Vs;;, Vsy, Vs;3), we used the 2/3 transformation from
the two voltages (Vsa, Vsp).

2.3.1. Generation module of two voltages Vso and Vsf3

This module generates two sinusoidal signals varying in amplitude and frequency with
the following equations:

V6=V imax €03(6) 9)

V=V max sin(0) (10)

For this module, we have a block 'SineCosine' having such as entered the angle 0, the
block generate in outputs of the values of sine and cosine between (-1) and 1. The general
structure of the generation module voltages Vsa , VsP under "Generator System" is
represented in the figure 7(a) and the evolution of the two voltages by figure 7 (b).
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Fig. 7. (a) Generation module of the voltages Vsa, Vsp; (b) Evolution of the two voltages.
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2.3.2. Generation module of the reference voltages

The 2/3 transformation is based on the following mathematical relationship:

Vsll = [Vsa COS(G) - VsB Sln(e)] (1 1)
Vi = %Vsa.(( —cos 0 ) + \/gsin 0)+ %VSB.(Sin 0+ \/gcos 0) (12)
Vasz =- (Vait Vi) (13)

With the aid of "System Generator" toolbox, we will implant the mathematical
relationships of the 2/3 transformation. We have a block 'SineCosine' which generate in the
output the values of sin (0) and cos (0). Thereafter, we apply the mathematical relationships
using blocks of multiplication, addition ... the representation of the block is shown by the
figure 8. The clock period Tj, used for these blocks is equal to the sampling period where
Ty = 306900 ns.
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Fig. 8. Generation block of the reference voltages.

2.4. Generation module of control signals of entry 1

Before comparing the voltages of the sinusoidal reference with triangular carrier, it is
essential to synchronize the period of the reference voltages with that of the carrier with
using a register block. Also the registers of the reference voltages and carrier must have the

smallest sampling period which is the carrier Tct = 300e-9ns.

After the synchronization of the different signals, we move to the comparison module, to

generate the control signals with complementary signals, is represented by the figure 9.
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Fig. 9. Generation module of the control signals.
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2.5. Module of the dead time

The switches of each arm of the inverter being complementary, but their opening time
and the closing time are not zero. To avoid short circuit when commutation of the switches
we have introduced a dead time module.

The dead time block consists of a block 'Delay' and a port logic '"AND'. This module
insert a dead time at the beginning of each command at the switch close. The principle of
this module is given in the figure 10.
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Fig. 10. Generated control signals by the dead time module.
2.6 Shift module of 180 °

To ensure the supply of entry 2 of the machine, we have to introduce a shift of 180° to
the generation module of the reference voltages (Vsi1, Vsi2, Vsi3)-
Then to introduce a shift of 180 °of the angle 6, we have shift the T/2 period , we

used it for a subtraction block which calculates the difference between the generated angle
0 from 0 at 277 for different times and the constant 0.5 to generate new shifting by 180 °.

For the subtraction block must keep the same parameters as the addition block and of
integration in the generation module of the angle 0 is shown in the figure 6. For the
transitional regime (t < 0.5s), we have a variable period which results the shifting variable
but proportional at the period with a proportionality coefficient equal to 0.5. Once the three
reference signals shifted by 180 ° are obtained, we do the same thing for the command
signals of the inverter 2. The figure 11 shows the simulation results of the command signals
of arm 1 of the inverter 2 shifted by 180°.
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Fig. 11. Command signals shifted of 180°
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3. Validation of the scalar control for a open-end winding induction machine

The scalar control controlled the open-end winding induction machine, whose controller
is embedded into Xilinx Spartan-3E FPGA by means of the Xilinx System Generator
Toolbox; the simulation model of scalar control is validated in the Matlab simulink
environment. Design details of the controller developed using Xilinx System generator are
provided in the previous sections.

The following cycle of operation, at t = 0.5s, the system has a starting cycle, from t =
0.5s to t = 1s, the machine in working in no-load conditions. At time t = 1s, a load torque
Tr = 300mN.

Figure 12 shows the pole voltage inverter 1 (Vs;;-Vsy,), inverter 2 (Vs;;-Vs,,) and pole
voltage machine U= (Vs;;-Vs)») - (Vsy-Vsy,), the currents stator Isa, Isb, speed and the

torque, for load torque Tr = Tn.
WsT14s12

Wed14s22

Fig. 12. Evolution of voltage, currents of stator, speed, and torque.

The characteristics of the machine used:
- Nominal power P =45 KW.

- Speed n = 1450 rpm.

- Resistance of stator Rs = 0.15 Q.
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- Resistance of rotor Rr = 0.046 Q.
- Inductance of stator Ls = 17.9 mH.
- Inductance of rotor Lr = 18.6 mH.
- Mutual inductance Msr = 17.2 mH.

4. Experimental results of the FPGA implementation of the scalar control

To validate the digitalization of scalar control for the open-end winding induction
machine, we represent the implementation of the command using an evaluation board
Nexys 2 based on FPGA of the family SPARTAN 3E-XC3S1200e-4fg320 of the society
XILINX, figure 13.

Fig. 13. Implementation of the command algorithm on FPGA.
The report "Map" is shown by the table 2 of the VHDL code of the scalar control that
shows the effectiveness of FPGA Spartan3E for this sort of application. This phase allowed
to minimize the resources consumed.

Table 2: The report "Map" of the VHDL code

Number of Slice Flip Flops 2,131 out of 17,344 12%
Number of 4 input LUTs 3,530 out of 17,344 20%
Number of occupied Slices 2,041 out of 8,672 23%
Number of Slices containing only related logic 2,041 out of 2,041 100 %
Number of Slices containing unrelated logic 0 out of 2,041 0%
Total Number of 4 input LUTs 3,780 out of 17,344 21%
Number used as logic 3,327

Number used as a route-thru 250

Number used as Shift registers 203

Number of bonded IOBs 13 out of 250 5%
Number of RAMB16s 3outof 28 10%
Number of BUFGMUXs loutof 24 4%
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The experimental results of the different command signals for the arm 1 of inverters 1
and 2 are shown by figures 14, 15 and 16. These results are obtained at the output of the
FPGA Spartan 3E of the board Nexys 2 for the carrier frequency 3258 Hz and dead time
equal to 3us.

I ; i ZFSZ ] ﬂ‘; ﬂ m i f Z}“Z J

Fig. 14. Command signals of the switches T;; and T;,c
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Fig. 15. Command signals of the switches T,; and T,c
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Fig. 16. Command signals of the switches T;; and T,;.

431



A. Nayli et all: Implantation of the scalar control for the “OEWIM” On FPGA ...

5. Conclusion

The preparation of an algorithm allowing for the scalar control of the open-end winding
induction motor is investigated. Indeed, the realized program is validated in the MATLAB
Simulink environment using the Xilinx System Generator.

The simulation model of the open-end winding asynchronous machine supplied by two
voltage sources based on V/f law in the environment of « Matlab Simulink » using the
Xilinx System Generator is presented.

The program of scalar control is implemented on the Spartan 3E FPGA board while
specifying the different steps. The experimental results of the different command signals for
the each inverter are visualized and verified the dead time between command signals of the
switches.
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