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High Efficiency and Quick Response of Torque Control for a
Multi-Phase Machine Using Discrete/Continuous Approach:
Application to Five-phase Permanent Magnet Synchronous

Machine

Abstract. This article presents a hybrid control strategy (Discrete/Continuous) for controlling the five-phase permanent magnet synchronous
machine powered by a voltage inverter. The hybrid aspect of this approach comes from the fact of taking into account the voltage inverter and the
machine in a unified manner during the modelling process, i.e. modelling includes at the same time continuous and discrete variables. Simulation
results performed under Matlab/Simulink are presented and discussed for the purpose of the performances verification of the proposed control
strategy. The obtained results will show in particular the principal advantages of the adopted control strategy like the enhancement of the dynamic
torque response of this machine, and the oscillations’ minimization of controlled parameters such as torque and current.

Streszczenie. W artykule zaprezentowano hybrydowa strategie sterowania pieciofazowym silnikiem synchronicznym z magnesami trwatymi. Silnik
zasilany jest z wykorzystaniem przeksztattnika. Przedstawiono wyniki symulacji systemu. Otrzymano poprawe dynamiki momentu | zmniejszenie
oscylacji. (Sterowanie wielofazowym silnikiem z wykorzystaniem strategii hybrydowej — dyskretno/ciggtej)
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Introduction

In recent years, interest in multiphase machines has
been increased due to the offered advantages over the
three-phase machines [1-11], such as power splitting,
therefore reducing stress on components, also the reducing
the torque ripples and operating in degraded mode [1-7,9-
15]. This kind of machines can be used for automotive
electric traction, marine electric propulsion, wind turbines or
high power industrial electrical applications [1-7,11-14].

In all these applications, the knowledge and mastering
of the torque is very important. However, for an efficient
control of the torque dynamics, more advanced and
developed control strategies must be employed. The
commonly used command is the vector control which allows
the control of torque transients. Nevertheless, the
performances of this command are often limited due to the
non-linearity and variations in system parameters [16-18].

A control strategy, which is known as Direct Torque
Control (DTC), has appeared to be competitive with the
vector control techniques. In contrast to the latter, it is less
sensitive to parametric variations of the machine and it
allows obtaining a precise and fast torque dynamic [11,17-
20]. The control principle is meant to directly control the
torque and stator flow of the machine. In this context, two
hysteresis comparators enable comparing the estimated
values with those of the used references, then the inverter
states are directly controlled through a predefined selection
table [2, 3, 14, 17, 18, 20-24]. This strategy has two major
disadvantages: on one hand, the switching frequency is
highly variable and on the other hand, the waves amplitude
of the torque and the stator flux remain less controlled over
the entire speed range of the planned operation [3, 11,14,
17-19, 22-24].

In DTC structure, the converter-machine assembly is a
hybrid dynamic system whose continuous part is the
machine and the discrete part is the voltage inverter. This
constraint has led to the development of a new control
method proposed in [25-30], named «Hybrid Control»,
based on a Hybrid Dynamic Systems (HDS) class model,
i.e. modeling includes at the same time continuous and
discrete variables [31-36]. In this sense, the "discrete"

behavior of the voltage inverter and the "continuous"
behavior of the machine are taken into account in a unified
manner, This control presents interesting dynamic
performances and does not require neither hysteresis
controller nor an implementation of an observer [25-30]
making it an alternative solution to avoid the disadvantages
of the conventional DTC. This control is applied to a large
category of systems proposed in [25-30], and recently to
multicellular converters [34, 37-40].The diversity in
application domains is based on a unique principle of the
prediction of the phenomenon. This principal can be
summarized in the following five steps:

The general model determination of the set of energy
modulator behavior and the continuous process, taking into
account the continuous and discrete variables of the
system.

€ (@) = £ (x@(®) je{12,,n)

The integration of (1) by the Euler method over a short
time interval T.

2) x(t+T) = x(6) + T f (x(t),(®))

Searching for the linearity domain in which the
trajectories in the state space are rectilinear. This constraint
implies the determination of the maximum decision time
Tmax @nd a minimum time t,,;,, the latter is a function of
temporal execution constraints, material and computing
capacity.

From a measured state x(t), we determine the possible
directions d; in the state space relative to the different
command states

@3) dj = x(t+1) —x(0) = T+ f (x(0,150))

Choosing the closest direction to the reference state,
then applying the corresponding configuration to the chosen
direction during an optimized time by respecting the
constraint of linearity of the trajectories.

In this favorable context, the presented work in this
article aims at improving and applying this hybrid approach
to the torque control of five-phase permanent magnet
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synchronous machine, this machine is equivalent to the
combination of three fictitious machines; main, secondary
and homopolar [41]. Only the currents of the main fictitious
machine contribute to the creation of the electromagnetic
torque [10, 42-44]. The currents of the secondary fictitious
machine are the cause of undesirable harmonics [10, 42-
44]. This consequence is used to control the voltage
inverter. Within the five-phase inverter, 32 combinations are
possible. These combinations permit to generate 32
positions of the voltage vector; 2 positions correspond to
the zero vector. The projections of the other 30 vectors in
the fictitious plans (main and secondary) form a small,
medium and large decagon for each plan, each one of them
is composed of 10 vectors, the vectors that form the large
decagon in one plan form the small decagon in the other,
and the vectors that form the medium decagons in the two
plans are identical [2,6,14, 42].

For controlling a five phase inverter, the objective is to
generate the correct voltage necessary in the main plan and
to generate the smallest possible voltages in the other
secondary plan. In this case, only the large decagon vectors
of the main plan and zero vectors are used [2]. However,
the active vector in the main plan is not cancelled in the
secondary plan and consequently the third order (3)
harmonics are present. This problem can be resolved by
applying medium and large decagon vectors in the main
plan such that the medium and small vectors cancel each
other in the secondary plan [6, 45-46].

For the application of the proposed control on the Five-
phase Permanent Magnet Synchronous Machine, we
determine the possible directions d; in the state space
relative to the different states of the superior polygon in the
principal plan and the vectors that have a zero projection;
then we select the closest direction to the reference state,
and calculate the application time of the configuration
corresponding to the chosen direction; Deducing the
application times of the medium and large vector.

The obtained model was simulated using
Matlab/Simulink software, and the simulation results are
presented and discussed to verify the performances of the
studied control strategy.

Modeling of the five-phase
synchronous machine

The Park model of the five-phase permanent magnets
synchronous machine is defined by the following system of
equations [10]:

permanent magnet

dl
(Vap = Rlap + Lp —2 = Wl lgp

d 5
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dlgs
S dt

The mechanical equation is written:

dw
©) | R
The electromagnetic torque is given by:
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Five-phase inverter Modeling

Figure (1) shows the structure of a five-phase inverter
[2,6]. Each arm of the inverter can be presented by a two-
position switch.

The inverter switches are considered ideal. The
switches states are represented by a vector of dimension
(5*1) in equation (7):

[22]
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The phases voltages as a function of the conduction
state of the inverter are expressed by:
Sa
54
SCJ

@) [S] =

Va (4 -1 -1 -1 -1 [
-1 4 -1 -1 -1
@8 Vli=|Vl=2]-1 -1 4 -1 -1
I [Sd
V, 1 -1 -1 -1 4 Se

Va| °l-1 -1 -1 4 -1

The combinations of the 5 states (S,S,ScSqSe) allow
generating 32 positions of the vector [V] of which 2
correspond to the zero vector: (S;5,5:54Se) = (0000 0) or
(11111) [86].

The projections of stator voltage vectors in each is
considered fictitious plan are shown in figure 2 and 3. [2, 6,
14].
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Fig.1. Example of a five-phase
synchronous machine.

inverter for the five-phase

Fig.2. Projection of voltage Fig.3. Projection of voltage vectors in
the main plan vectors in the secondary plan

The control Algorithm

The five-phase machine is equivalent to three fictitious
sub-machines, magnetically decoupled and mechanically
coupled.

In the case of machines with sinusoidal flux distribution,
only the first fictitious machine M1 produces an
electromotive force voltage (EMF) [2, 42-44]. Thus, it is the
only one to produce an electromagnetic torque [2, 42-44]. In
this case, the objective is to generate the correct voltage
reference in the principal machine and to generate the
smallest possible voltages in the other fictitious machines.

In this case for the inverter, we employ only the vectors
that have a null projection and the group of vectors of the
same standard that represents the superior polygon in the
main plan [2].

However, the use of the vectors of the large decagon
alone will create the third order harmonic, resulting in a
distortion of the waveforms; this is not desirable since we
are interested in waveforms that are very close to sinusoids.
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Therefore, the medium and large vectors are the ones to
be applied by assigning to each one a well-defined period of
time in order to cancel the temporal averages in the
secondary plan Fig.4 [45-46].

The electromagnetic torque is proportional to the current
i4p- In the state space, the current references are ig," = 0
(to minimize the joule losses) i, proportional to the torque
set point [26, 27].

The hybrid control algorithm involves monitoring the
reference currents ig," ig," , in the state space igp igp. It is
summarized by the following processing sequences:

e The determination of the hybrid model of the converter-
machine assembly based on the main plan;

e The calculation of the possible directions in the state
space relative to the different states of the superior
polygon in the principal plan and the vectors that have
a zero projection;

e The choice of the closest direction to the reference
state;

e The calculation of

the application time of the

configuration corresponding to the chosen direction;
¢ Deducing the application times of the medium and large
vector.

with:
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2. Determination of the directions

The control algorithm calculates, for a measured state,
the directions d; in the state space that correspond to the
different states of the control u; of the large decagon in the

principal plan and the vectors that have a zero projection,
using equation (3).

T

Fig.4.b. Representation of the
active vectors in both plan
secondary

Fig.4.a. Representation of the
active vectors in both plan
principal

1. Hybrid model of the behavior of the inverter-machine
assembly

From equation (4), the main machine model can be
modeled by a state representation in the following form:

9)
dt[ldp] [ Lap } ldP] [LdP ]
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The stators voltage can be expressed by:
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We insert equation (9) in equation (10), the hybrid model
of our system can be written in a form of equation (3) as
follow:

(12) (@) =f(xu)=A-x+B-u+D

T4

Fig.5. Example of possible directions

3. The choice of direction

Among the 11 directions, the chosen direction is the one
with direction that forms the smallest angle with respect to
the desired direction [25-30].

(13) (&chr &ref) = min1<j<11(aj'aref)
with
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4. Calculation of the application time of the
configuration that correspond to the chosen direction

The application time of the chosen configuration is
determined from the length of the projection vector of the
desired direction on the chosen direction [25-30], and it is
written as follows:

T ||&ref ” 'COS((&choiséer&ref))

15 t= =
( ) ”dchoisée”

5. Deducing the application times of the medium and
large vector

The application times of the medium and large vector
are calculated in the main plan as shown below:

(16) t'V|=t]'V|+tm'Vm
(17) 4 Vs =ty Vy

Where Vg ,V, and V; represent respectively the
amplitude of the small, medium and large vector, are given
as follows:

2 2 2 2
(18) Vi =2Vac2c0s(3), Vi = < Vae Vi = ¢ Vac2cos()
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From equations (15), (16), (17) and (18), the periods t;
and t,, are written as follows:
(19)

(07236 T [[drer]| - cos ((denoisees drer))
) . ldehoiscell
[ = 0.2764-T- ”a)ref” ' Cos(a)choisée' a)ref)
- [[denotseell
Simulation results and interpretation
We have simulated the operation of the inverter-

machine assembly using MATLAB/Simulink software.
The used machine has the following characteristics:

Rs =0.12Q; Ld = Lq = 1.35mH; &f = 0.05Wb; p=4

The simulation results shown in figure 6 concern the
steady-state operation of the five-phase permanent magnet
synchronous machine. For the set point of ig ¢ equal to
the nominal current ( iy . = 5A), it is a reference igq ref
zero.

Qref

Fig.6.a. Stator current i,

0.5

id (A)

-0.5

i*26 0.27 0.28 029 03
t(s)

Fig.6.c. Phases currents
Fig.6. Simulation results of the steady state control.
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Figures (6.a and b) illustrate the temporal variation of
the iy and iq currents, we can observe that the ig current
immediately attains its reference value of 5 A with a slight
oscillatory deviation of 0.07 A of amplitude around its
reference value. The iy current control is more accurate
with 0.04 A oscillation.

The steady state phase currents have been illustrated in
Fig. (6.c), we notice that these currents look like sinusoids
with low noise.
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Fig.7.b. Phases currents
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Fig.7.c. Stator current i,
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Fig.7.d. Stator current i,
Fig.7. Simulation results of the control in transient state.
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For the study of the transient state, an abrupt reversal of
the set point is applied. We observe that the torque
inversion is extremely fast (less than 200 ps) and is carried
out without a significant impact Figure (7.a).

In order to have a better appreciation of the obtained
results, we have compared with that of the classical vector
control. By presenting the responses of the torque for the
two controls (hybrid control and Field Oriented
Control (FOC-SVM)) in the same figure 8. The comparison
of these results shows that the hybrid control shows very
high dynamics and precision of response of the torque,
indeed contrary to the FOC-SVM control.

The phase currents are remarkably well controlled
during the transient state and they do not exceed any limits
and do not lead to any over current Figures (7.b), contrary
to the FOC-SVM control where the current exceeds the set
value figure 9.

From the figures (7.c and d), it can be seen that the i,
and i, currents are well adjusted; therefore, the control is
robust regarding sudden variation in the set-point. Where
the i, current is maintained at zero and follows the set-point
during entire operating cycle. Concerning the FOC-SVM
control, one can note the effect of recoupling on the current
iy during this change, which induces a slower response

time figure 10.
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Fig.8. Torque evolution for both controls
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Fig.9. Currents of phases in the case of FOC-SVM
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Fig.10. Current i, for both controls

Conclusion

A Hybrid Direct Torque Control, based on a formal
representation of inverter-machine behavior, has been
developed and applied to a Five-phase Permanent Magnet
Synchronous Machine. The control scheme provides good
torque dynamic performances, and no observer or estimator
is necessary. In the context of the machine control by
means of an inverter, the Hybrid Control Torque is
regulated directly at the inverter switches level. Also this
control makes it possible to reduce the number of regulators
and to have excellent dynamic performances.
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