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Three phase MLI implementation of V/F control for three phase
induction motor based on FPGA and Gary wolf algorithm
Abstract.: Due to their efficient characteristics multilevel inverters (MLI) find numerous applications in industry. In this work design and
implementation of three phase 15 level inverter is used to control the speed of three phase induction motor with V/F strategy. The power circuit
consist of 10 MOSFET switches per phase. Spartan 3E FPGA kit is used as a control circuit. The triggering angles for the thirty MOSFET power
transistor are determined with optimum values based on gray wolf optimization algorithm (GWO). Results in the form of output voltage, current,
speed, and torque are shown for different reference speeds. The torque is shown to be constant as expected for all speeds. The total harmonic
distortion (THD) is reduced to a significant value compared with a traditional sinusoidal PWM technique.
Streszczenie. Ze względu na swoją wydajność, falowniki wielopoziomowe (MLI) znajdują liczne zastosowania w przemyśle. W pracy wykorzystano
projekt i wykonanie trójfazowego falownika 15-stopniowego do sterowania prędkością trójfazowego silnika indukcyjnego ze strategią V/F. Obwód
zasilający składa się z 10 przełączników MOSFET na fazę. Jako obwód sterujący zastosowano zestaw Spartan 3E FPGA. Kąty wyzwalania dla
trzydziestu tranzystorów mocy MOSFET są określane z optymalnymi wartościami w oparciu o algorytm optymalizacji szarego wilka (GWO). Wyniki
w postaci napięcia wyjściowego, prądu, prędkości i momentu obrotowego są wyświetlane dla różnych prędkości odniesienia. Pokazano, że moment
obrotowy jest stały, zgodnie z oczekiwaniami dla wszystkich prędkości. Całkowite zniekształcenia harmoniczne (THD) są zredukowane do znaczącej
wartości w porównaniu z tradycyjną techniką sinusoidalnego PWM. (Trójfazowa implementacja MLI sterowania V/F dla trójfazowego silnika
indukcyjnego w oparciu o FPGA i algorytm Gary wolf)
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1. Introduction
The inverter normally outputs two voltage levels, positive
and negative levels and is called two-level inverter. The
inverter output voltage can be synthesized by more than
two voltage levels for high power applications and is called
multilevel inverters (MLI) and offers better sinusoidal
voltage waveform and lower THD compared with two-level
inverters.In recent years, MLI have gained popularity as
power converters of choice in a variety of applications.
Because of their capacity to eliminate undesired harmonics
and hence enhance performance and efficiency, they have
substantial advantages over traditional ones. The reduction
of cost and size of the inverter and improves the reliability
as minimum number of power electronic components is
involved. Several topologies for realizing these inverters
have lately been introduced and researched [1-5].In
general, induction motors are one of the very important
things in our daily life, as the induction motor disturbs all our
daily and industrial lives, due to the many attractive features
that the motor possesses, as it has proven that it has a very
high reliability in all the matters used, and its advantages
are also low price and ease in maintenance. MLI is used in
many fields, including driving, to control induction motors,
and it has proven its high ability to control frequency and
voltage, and there are many published researches in this
field. Various methods to control the frequency and voltage
of induction motors is tackled [6-8]. One of the advantages
of MLI is its ability to improve the value of the THD as well,
through which the outgoing wave approaches the shape of
the sine wave, and in this case the value of the THD will
decrease [9-12]. In this manner the circuit has high
implementation flexibility, high efficiency, and high usage of
the output voltage [13-14]. Reducing the number of
switches used and DC sources compared to the traditional
H bridge, modern technologies reduce the number of
switches with the largest possible number of levels and
there are many topologies used that have proven its
efficiency [15-17]. The reduction of THD and elimination of
undesired harmonics require selecting accurate triggering
instants to control the operation of the MOSFET switches in
MLI using efficient optimization algorithms. In this work the

values of the triggering angle for the power switches of the
inverter are found by using GWO, which uses the gray wolf
hunting theory to solve mathematical equations [18]. This
optimization algorithm assists to reduce and eliminate the
desired harmonics and as a result the THD value will be
improved. MLI are one of the most extensively used power
conversion devices in industrial applications. Motor drives of
all voltage and power ratings make up most of these
applications. In grid-connected systems, such as
uninterruptible power supply (UPS), electric vehicles, and
FACTS devices, MLIs are also employed [19]. All these
applications are made possible by the MLI's ability to
provide a higher output voltage with a more sinusoidal
shaped waveform, increased efficiency due to the lower
switching frequency operation of switches, smaller blocking
voltage requirement with reduced dv/dt, and managed to
improve electromagnetic compatibility. MLI also has the
advantage of reducing the size and cost of the filter due to
the lower number of harmonics at the output [20-23].
2. Three phase induction motor V/F speed control
There are several methods for controlling the speed of a
three-phase induction motor, including stator voltage
control, frequency control, and rotor resistance control, but
V/F speed control is the most widely used method in
adjustable speed drive systems. The V/F ratio must be kept
constant for the flux to remain constant. The motor torque is
proportional to the magnetic field created by the stator. To
analyze the factors that influence the motor's magnetic flux,
the flux is formed when ac voltage is applied to the stator of
an induction motor, and the flux is in phase with the applied
voltage.
)
The generated EMF in the stator according to Faraday’s
electromagnetic induction is expressed as:
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3. Control method for the proposed three phase MLI
Conversion of DC power to three phase AC power with
the desired output voltage and frequency is the job of three
phase inverters. Three phase MLI’s output’s high voltages
that are very close to the shape of AC voltages and
minimize the THD contents of the power. The three-phase
MLI block diagram is shown in figure (2).

where

(2)
thus, the flux generated in the stator depends on the ratio of
the Volt/Hz. As a result, the torque may be kept constant
across the speed range by adjusting the voltage and
frequency by the same ratio. Torque of a three-phase
induction motor is proportional to flux per stator pole, rotor
current and power factor of the rotor
(3)
= flux per stator pole;
=
rotor current at
Where
angle between rotor emf and rotor current
standstill;
The most common speed control of induction motor is
the constant ratio of V/f [24-26]. The voltage and frequency
values must be stored for continuous V/F control. It is
simple to calculate the voltage value that corresponds to
any frequency. The maximum torque of the motor becomes
constant for various speed values when the V/F ratio is kept
constant [27-28]. Figure (1) shows the linear region of
allowed operation for minimum and maximum(rated)
frequencies along with corresponding input voltages. The
rated voltage meets the maximum frequency. The torque is
kept constant in this region. If the frequency exceeds the
maximum one the torque is dramatically falling beyond
maximum torque. The speed of the motor is proportional to
the frequency

Fig.2. Block diagram of three phase VSI

The GWO is used in this work to optimize the triggering
angles for minimum THD values. The three phase MLI
consists of three groups of switches, each group
represents a phase, and each phase contains 10 switches
and four DC sources. As shown in figure (3). The first
source is
and three other sources are
. In
this way of connection, the three-phase inverter outputs 15
voltage levels per phase. The proposed three-phase
power circuit consists of thirty MOSFET’s switches and 12
DC sources. A 3E spartan FPGA hardware kit is used as
the drive circuit to trigger the MOSFETs in the three-phase
MLI.

(4)
where P is number of pair of poles of the motor. If the motor
is rated at 400V, 50Hz, 1500rpm, then to half the rated
speed, the voltage and frequency must be 200V, 25Hz
respectively to keep the flux constant so that we can keep
the torque at maximum value.

Fig.3. The proposed three-phase MLI circuit

Fig.1. Voltage/frequency characteristics
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3.1 Gray wolf (GWO) optimization algorithm
The GWO is a new meta-heuristic inspired by grey
wolves. The GWO algorithm mimics the leadership
hierarchy and hunting mechanism of grey wolves in
nature. Four types of grey wolves such as alpha, beta,
delta, and omega are employed for simulating the
leadership hierarchy. In addition, the three main steps of
hunting, searching for prey, encircling prey, and attacking
prey, are implemented. The algorithm is then
benchmarked on 29 well-known test functions, and the
results are verified by a comparative study with Particle
Swarm Optimization (PSO), Gravitational Search
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Algorithm (GSA), Differential Evolution (DE), Evolutionary
Programming (EP), and Evolution Strategy (ES). The
results show that the GWO algorithm can provide very
competitive results compared to these well-known metaheuristics [29-31].
3.2 Fiarrayprogrammable gate FPGA control circuit
The FPGA microcontroller of the Spartan 3E is used to get
the triggering angles for the MOSFET switches. The kit
clock frequency is 50MHz allows an efficient sampling rate.
The output ports can be easily extended to get the required
thirty trigging angles. The VHDL language is adopted to
write the instructions that accurately outputs the thirty
triggering angles for the power MOSFET’s. At first, these
triggering angles are obtained from GWO algorithm by
solving the following transcendental equations to eliminate
undesired harmonics, then programmed by ISE software,
then projected onto the 3E Spartan FPGA microcontroller.
To output 15 levels we need to solve seven transcendental
equations for the optimium
seven angles i.e. (
) for minimum THD. .
Considering VM as the fundamental component :
(5)
+
+
+
+
+
+
]

Table (1) summarizes how to operate the MOSFET
switches to get all the mentioned modes of operation.
Table 1. Switches states for different output levels
Voltage
T1
T2
T3
T4
T5
T6
0
1
0
1
0
1
0
Vdc
1
0
1
0
0
1
2Vdc
1
0
0
0
1
0
3Vdc
1
0
0
0
0
1
4Vdc
1
0
0
0
1
0
5Vdc
1
0
0
0
0
1
6Vdc
1
0
0
1
1
0
7Vdc
1
0
0
1
0
1
0
0
1
0
1
0
1
-Vdc
0
1
0
1
1
0
-2Vdc
0
1
0
0
0
1
-3Vdc
0
1
0
0
1
0
-4Vdc
0
1
0
0
0
1
-5Vdc
0
1
0
0
1
0
-6Vdc
0
1
1
0
0
1
-7Vdc
0
1
1
0
1
0

T7
0
0
1
1
0
0
0
0
0
0
0
0
1
1
0
0

T9
0
0
0
0
1
1
0
0
0
0
1
1
0
0
0
0

Figure (4) shows all the fifteen output voltage levels with its
corresponding MOSFET’s switching states.
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Fig.4. the proposed fifteen output voltage levels

Figure (5) shows the implantation of the triggering angles on
the 3E spartan FPGA kit for 15 level three-phase MLI

=0
+

+

+

] = 0 …………..

Using GWO to solve equation (5) will eliminate 5th, 7th,
11 ,13th, 17th, and 19th, while the triplane harmonics are
eliminated explicitly in the three phase inverter outputs
rd
th
th
st
i.e.(3 . 9 , 15 , 21 ) and so forth. As a result, the first
rd
harmonic to show is 23 .
th

3.3 three phase layout circuit
Four DC voltage sources are used in each single phase.
They are VDC and three equal values of 2VDC to get a 15level single phase inverter. This arrangement is repeated
three times to get three phase MLI. The required
between the three phases are implemented by VHDL
programming in FPGA microcontroller. The different levels
output voltage from the suggested technique is determined
by proper operation of the MOSFET power switches T1
through T30 which are connected directly to dc sources.
The line-to-line voltages, for instance
consists of 25 levels, and this makes the output wave form
closer to the shape of the sine wave.
3.4 Modes of operation
The proposed system generates 15 level output phase
voltages as:

Fig.5. 3E Spartan MLI control signals
states

wit corresponding switching

Figure 6 clarifies the modes of operation for the possible
seven positive levels along with the zero level.
6. Experimental results
The hardware set for the three-phase MLI
implementation of V/F control of the three-phase induction
motor based on FPGA and GWO algorithm is shown in
figure 7.
The three-phase MLI must fulfill the voltage to frequency
ratio to be constant, for instance at the rated speed of
1500rpm, the rated voltage Vph =220V and the operating
frequency f=50Hz. These values make the ratio (V/F) =
220/50 which outputs a certain value of flux and in turn a
certain value of maximum torque. To half the rated speed,
i.e. 750rpm, the ratio must be (V/F) =110/25, this will ensure
the same value of flux and the same value of maximum
torque. The appropriate triggering instants for each case
are determined by the GWO optimization method and then
the hardware of the 3E Spartan FPGA kits output the
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required triggering instants and deliver them to the
appropriate MOSFET’s transistor. Table (2) shows the
triggering instants for three V/F control as determined by
GWO algorithm.

Fig.8. three-phase inverter output voltage for V/f=100/50
The required
figure (9).

shift between the phases is shown in

Fig.6. Positive and zero levels operation modes

o

Fig.9. 120 shift between the phases

Fig.7. Practical set for the proposed work

.

Table 2. The triggering instants for three V/F control

Fig.10. Three-phase inverter current for V/f=100/50

70/35
50/25

4.0

12.5

21.1

29.8

39.8

51.6

67.2

20.1
30.0

30.0
38.6

40.6
48.5

52.5
70.5

60.8
85.8

76.4
88.4

89.7
89.7

The motor specifications are 5.4Hp 4KW,400V,50Hz,
1430 RPM. Stator resistance and inductance Rs = 1.405Ω,
Ls=0.0058H, rotor resistance and inductance Rr=1.395Ω,
Lr=0.0058H, mutual inductance =0.1722H , inertia J=0.0131
kg.m^2 , friction factor F=0.002985 N.m.s , pole pairs=2. A
generator set is coupled to the motor as a load torque.
Figure (8) shows the three-phase MLI output voltage for
V/F=100/50 with corresponding speed of 1400rpm.
Fig.11. THD for three phase output voltage
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The three-phase current from the MLI to the stator of the
induction motor is shown in figure 10. The THD is shown to
be around 3% as shown in figure 11.
The line-line voltage with 25 level steps is shown in
figure (12) with its frequency spectrum. The first harmonic
rd
to show is 23 as expected.

Fig.15. Three phase inverter current for V/f=70/35

Fig.12. Line voltage of the three-phase inverter for V/F= 100/50

The corresponding motor speed in this case is 1450rpm
and the load torque is 1Nm as shown in figure (13).

Fig.16. Three phase inverter output voltage for V/f=50/25

Fig.13. Load torque and corresponding speed for V/f=100/50

The second case of the speed is taken for V/f=70/35.
The MLI three-phase output voltages and currents are
shown in figure (14) and figure (15) respectively.
The corresponding speed is 1050rpm and the torque
meter shows the value of 1Nm which is the same reading
as for V/f=100/50 in figure (13). The third case for
V/f=50/25, the MLI three-phase output voltages and
currents are shown in figure (16) and figure (17)
respectively.

Fig.14. Three phase inverter output voltage for V/f=70/35

Fig.17. Three phase inverter current for V/f=50/25

The corresponding speed is 600rpm and the torque
meter shows the value of 1Nm which is the same reading
as for previous two cases as shown in figure (13). The
results for the three v/f cases verifies that the motor torque
is kept constant and at its maximum value as long the motor
is operated in the linear region of v/f ratio as stated and
previously shown in figure (1).
7.Conclusions
A three-phase induction motor driven by three phase
inverter using the V/F strategy is talked in this work. The
GWO algorithm is employed to optimize the triggering
instants for the MOSFET switches to minimize the THD in
the output voltage. A practical system is built, and the
control signals are derived from 3E spartan FPGA kit using
VHDL programming language. The results show that the
torque is kept constant and at its maximum value for
different values of V/F. The optimized triggering angles
drives the THD of the output voltage to very small values.
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