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Abstract: This paper develops a precise method control system for tracking control of a power drive system based on a multi-phase machine
under motor parameter and load torque variations. By adding a simple feedforward term based on the flatness theory, a conventional
flux oriented control (FOC) can be enforced to have a perfect tracking performance under model parameter and load torque variations.
Hence, a hybrid flatness-based control (HFBC) technique is applied to the control of a dual star induction machine (DSIM) and compared
to a classical vector control strategy regarding tracking behaviour, robustness, and perturbations rejection. Finally, the simulation and
experimental results are provided to verify the effectiveness of the proposed HFBC under uncertainties such as motor parameter and load
torque variations. Furthermore, an enhancement of the drive system’s control performances is demonstrated by the improvement of the
technique of separation of the objectives of tracking and disturbance rejection. The simulation and experimental results are presented,
demonstrating the superiority of the HFBC.

Keywords: dual star Induction machine < indirect rotor flux oriented control « flatness-based control  hybrid flatness-based control <
feedforward controller

1. Introduction

Currently, the electrification of embedded systems is subject to a steadily ascending growth, especially in the
areas of avionics, marine, and automotive transport. This is within the framework of the policy that aims to solve
the environmental problem of global warming which arises in large part because of the harmful gases emitted by
industry and current transport systems (Levi, 2008; Levi et al., 2013).

In the aeronautical field, the main focus of research becomes the use of the most recent technology, allowing the
reduction of fuel consumption and the mass of equipment, offering a reduction in design and operating costs and
maintenance of electrical systems on board the aircraft. This is a desirable objective in the industry.

More electrical aircraft (MEA) means more powerful, more compact, and more reliable on-board systems.
The major component in a training chain is the electrical machine and its control. Indeed, the electrification of air
transport systems imperatively requires the design of a robust and reliable electric drive (Liu et al., 2018; Nounou
et al., 2018). In this context, we see that the electric machines have several advantages compared to internal
combustion engines and certain advantages in terms of each of the following: energy reversibility, better efficiency
over a wide operating range, ease of integration and absence of gas emissions.
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The proposed approach is effective for optimising speed and energy efficiency. A control strategy has been
developed for improving the trajectory planning based on the theory of flatness. This has demonstrated the
possibilities to optimise the dynamic response of the electrical machine and improve the energy delivered by the
drive system. Moreover, in high-power and critical applications such as naval propulsion and rail traction, multiphase
machines are increasingly used (Levi et al., 2013).

Multi-phase machines have splendid advantages compared to the classical three-phase ones (Liu et al., 2018;
Nounou et al., 2018), such as splitting the power across a higher number of phases leading to lower power rating
per phase, lower torque ripples due to the improved magneto-motive force distribution in the machine air-gap, fault-
tolerant operation according to the high number of degrees of freedom related to the number of independent control
variables, and torque density enhancement using harmonic current injection (Barrero and Duran, 2016; Salem and
Narimani, 2019).

Generally, multiphase drives control is inspired from that of the three-phase ones. However, these drives are
considered complex systems with a higher number of parameters, which leads to uncertainties of their models
and, therefore, a lack of control (Baneira et al., 2017; Li et al., 2018). Accordingly, to ensure suitable control with
good performances against disturbances and uncertainties, research for more robust control techniques is required
(Nesri et al., 2020; Petersen and Tempo, 2014).

In this paper, we have proposed a hybrid control method for the dual star induction machine (DSIM). The
proposed control method is a hybridisation between the feedforward control technique based on the concept of
flatness feedforward -the flatness-based control (FBC)- and the classical feedback loop control. Direct action is used
to drive the system to the desired output by imposing commands calculated from planned reference trajectories. The
feedback loop compensates for deviations caused by disturbances and stabilises the system around the reference
trajectories. The advantage of this approach is the separation of the objectives of tracking and disturbance rejection,
achieved, respectively, by the flatness feedforward control and the feedback loop. It should be noted that the two
controls can be designed separately. The flatness theory is used effectively to synthesise an improved electric drive
system that is validated experimentally.

The hybrid flatness-based control (HFBC) technique applied to a DSIM as a multi-phase machine is developed,
analysed, and compared to the classical indirect rotor-flux oriented control (IRFOC) technique. The FBC is expected
to offer more advantages in terms of tracking behaviour, rejection of perturbations, and robustness (Wang et al.,
2015, 2019).

In this work, the notion of FBC will be applied in a cascaded structure in the classic IRFOC scheme (as
feedforward controller). Indeed, the combination of feedforward and feedback control promises high performance,
as the feedforward guarantees reference tracking, while the non-linear feedback element rejects disturbances. The
parameter accuracy of the feedforward control significantly affects the control performance of the precision motion
system (Ishihara et al., 2020). In the feedback—feedforward control structure, when the feedforward model is equal
to the inverse of the controlled plant, the position error can be effectively compensated. To achieve the reference
tracking control, a feedback and feedforward control system is established in this paper, as shown in Figure 1. The
error between the reference and the feedback signal (measured signal) is processed by the feedback controller to
generate the control signal, which is loaded on the motor to generate thrust and the controlled plant moves. The
measured position is fed back to the loop to build the closed-loop control, which realises the position tracking control
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Fig. 1. Feedback—feedforward control configuration.
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on the premise of ensuring the stability of the system and has the ability of restraining the disturbance. On this basis,
the feedforward control improves the position tracking accuracy by adding an input signal in the forward channel.
Where y, denotes the reference or desired output, y denotes the measured output, e, denotes the error
between the desired and the measured output, u, is the feedback control signal, u, is the feedforward control signal,
and w is the unknown disturbance.
The main contributions of this paper are listed below:

fb

- Robust control with superior disturbance rejection properties due to the estimation and anticipation of the
load torque.

- This robustness can translate into better speed response time; a very short couple establishment period;
instant (very quick) disturbance rejection; minimisation of energy supplied for disturbance rejection; and
continuity of service in the event of a fault.

The remainder of this paper is organised as follows: The FBC theory and principle are presented in Section 2,
the FBC of DSIM is detailed in Section 3, the HFBC of DSIM is detailed in Section 4, and the simulation results are
presented and discussed in Section 5. In Section 6, experimental validation is carried out to validate the study on
an experimental test bench. Finally, Section 7 concludes the work.

2. FBC Theory

The notion of control based on the theory of the differential flatness of systems is a relatively new concept, introduced
by Fliess et al. (1992). This concept is based on the choice of the system’s flat outputs, and provides a notion of
equivalence between a controllable linear system and a non-linear system. Determining the candidate outputs
(flat outputs) requires a certain amount of experience with the method and the system to be controlled. However,
knowledge of certain flatness criteria can help in the choice of flat outputs (Fliess et al., 1995; Martin and Rouchon,
1996a).

Differential flatness is a property of a non-linear system. Differential flatness is an extension of the term
“controllability” for non-linear systems. For linear systems, it is equivalent to controllability, but for non-linear
systems, it is a self-standing property. A given dynamical system is either flat or not, depending on whether it fits the
following definition of flatness (Martin and Rouchon, 1996a,b).

Jk:f(x,u) xeR",ueR" (1)

where x =(x;,.....,x, ) is the state, and u = (uj,.....,u,, ) is the command.
The system (S) is differentially flat if there is a vector 'y’ called flat output composed of m outputs y, = (yl, ...,ym)
such that:

» the elements of y are differentially independent (the elements of the flat output are not related to each other
by a differential equation);
» the state x and the command u are expressed in terms of y and a finite number of its derivatives; and

x:hx(y,j/,....y(ﬁ)) )

u=h,(y,9,..5") 3)

» the flat output y is expressed as a function of the state x, the command u, and a finite number of derivatives
of u.

y=h, (x,u,u,....u(a)) 4)

where , y, and «a are the orders of derivation of the state x, the command u and the flat output y, respectively.
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The first step of the FBC is to define candidate flat outputs, which must satisfy the above conditions (Fliess
et al., 1999; Li et al., 2015). After that, the trajectory of the flat outputs is planned with respect to the physical
dynamics of the system (Xu et al., 2015). This trajectory is defined in such a way to impose the desired
behaviour of the state variables (Li et al., 2015; Xu et al., 2015). The flatness control can be directly used as
open loop control in a well-known model. However, this control is commonly extended with an additional control
law such as a proportional integral (Pl) regulator and sliding controllers in order to enforce the disturbance
rejection in the presence of uncertainties (model and operational uncertainties) (Fliess et al., 1995; Li et al.,
2015).

3. FBC of DSIM

Based on the usual DSIM model (Petersen and Tempo, 2014), the DSIM model is given by the following equation:
The electrical equations describing the stator and rotor circuits in the (o,8) frame are:

th = }Ijv]ixl + d(?;l
5
Vip =1l + d(p;z ®
0= + 42

[VS],Vsz,Vr]T: voltage vector (V; =0).
lig1.is0.1,]": current vector.
(g1 Ps2-0, 1" flux vector.
r,(r,.): matrix of stator resistance (rotor).
Under the assumptions of linearity of the magnetic circuits (valid as long as the stator currents are not too large)
and neglecting iron losses, fluxes and currents of the DSIM are expressed as:
Qo =L, +L, i,+Mi

s1%s1 ms”s2 srr

¢.12 = Lmsisl + Lt2is2 + M.vrir (6)

@ =Li+M_i +M,i

srosl sris2

Where L _and L are the stator and the rotor inductance matrix, respectively, L _the mutual inductance matrix
between the two stars of the stator, and MSr the mutual inductance matrix between the stator and the rotor.

The dq frame is linked to the a8 one according to x5 = xdqejg (Chitra and Prabhakar, 2006; Marino et al., 1993).
As a consequence of the Lorenz force law, the electromagnetic torque is given by (Chiasson, 1996):

n=prem(15] ™)

'

1
T =p—pic
(TP P (®)

-

where « is the rotor-flux phase in the rotor frame (¢, = pe’®): p and & are, respectively, the rotor-flux modulus and
argument in the fixed frame, (a = J - pd); where p is the number of the pole pairs; and we denote by j the pure
imaginary number satisfying j2 = -1.

The mechanical equation is written as follows:

J%:E—TL—ka ©)
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where J is the rotor moment of inertia, k. is the coefficient of friction, and T, is the external load torque.

dQ 1
J—= a-T,—k,Q (10)
dt pR,p
a= R, (Jd—QJrT +k Q] 1n
pp U dt

in a reference frame called (d-q), where the rotor flux is oriented along the d axis and after substitutions and
mathematical manipulations, we obtain the feedforward action commands:

- Direct action of current (current feedforward)

. 1 .
Ly = 7[:0 +Tp]
Ly = M [,0 ] 12)
b = 0
lqu = M pa

such that

M M ?
GS = 1_ Sr Gm = 1 Sr
LA'LV Lm)Lr

- Direct action of voltage (voltage feedforward)

dl dl M, .
V,=RI, +Lodl +Lo —L+L o 6l ,+L 0, —42+—5p
i dt “ L,
dl,, al,,, M, .
Vo=RI,-Lodl,+Lo,—*~L 0,05l,+L,0, +—=p6
dt dt L
r (13)
dl dl M
Vip=RI,+Lool ,+Lo,—2+L 5,6l +L,0, L+ =5
stz 5q2 di sql di L P
dl, M, .
I/sq2 = R:Iqu sd2 dt Lnlsamélsdl + Lmso-m dtq + L pé‘

The DSIM is a flat system; all state variables are expressed as a function of the flat outputs and their derivatives.
In other words, the trajectory of the vector planned by the flat outputs determines the trajectory of the whole state
of the system. Therefore, it determines the behaviour of the system. The dynamics of the stator currents are much
faster than that of the speed and the flux. An internal current regulation loop can be designed from Egs (5) and (6),
assuming that the speed and the rotor flux are constant; the flat outputs, therefore, considered for stator current
regulations are y,: (181, S2) if we impose a trajectory for the currents, we can deduce the reference voltages to
control the machine through the Eq (13). For the external speed and flux regulation loop, the stator currents are
considered the new control inputs. This system is also flat with y,: = (0,Q); if we impose a trajectory for speed and
rotor flux, we can deduce the reference currents through Eq (12). For the flat output, the trajectory is often designed
with respect to the control objective. This corresponds to a known function of time {—J on a given time interval [t; 5 f]
(Jin and Zhao, 2019). The objective set through this command is to monitor the rotor speed profile while maintaining
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Fig. 2. FBC of DSIM scheme.

constant flux in the machine and rejection of closed-loop disturbances. As already mentioned, the feedforward is
only effective if the references are smooth enough. Thus, the reference trajectory generation is very important for
the FBC. The presence of derivations requires the application of filters to the reference of flat outputs y, and y,. In
this paper, besides a first-order filter, a rate limiter with different settings is investigated by simulations. Additionally,
it would be desirable to include the limitations in the control inputs directly into the reference trajectory generation
(Martin et al., 2006; Ortega et al., 2001). Then, the DSIM model achieves all the conditions of a flat system which
were mentioned previously. The elements of y are differentially independent. Figure 2 shows the DSIM FBC scheme.

4. HFBC of DSIM

The flatness property (Chitra and Prabhakar, 2006; Marino et al., 1993) can be used effectively to design control
algorithms. In general, the HFBC of the DSIM scheme consists of two parts (feedback and feedforward actions)
(Chiasson, 1996). The flatness control allows the control inputs to be formulated as functions of the flat outputs
only; this can be used to develop the direct action inputs. Under ideal conditions, the feedforward can follow the
reference, if it is sufficiently smooth. Otherwise, due to derivatives in the references and limitations in the control,
input tracking errors would appear. Even if the references are sufficiently smooth, deviations from perfect tracking
appear due to operating disturbances, model uncertainties, and other unknown disturbances; therefore, feedback
action is introduced (Jin and Zhao, 2019; Salem and Narimani, 2019).

The hybrid control technique based on the flatness theory is a combination of feedforward control based on
the concept of flatness and conventional IRFOC vector control (the feedback loop) (Fliess et al., 1995; Martin
and Rouchon, 1996a,b). Direct action drives the system to the desired output by imposing commands calculated
from planned reference trajectories. The feedback loop compensates for deviations caused by disturbances and
stabilises the system around the reference trajectories. The advantage of this approach is the separation of the
objectives of tracking and disturbance rejection, achieved respectively by the flatness feedforward control and the
feedback loop. Note that the two controls can be designed separately. Figure 3 illustrates the principle of HFBC.

The HFBC scheme is designed by adding to the conventional IRFOC scheme a current feed-forward controller
and a voltage feedforward controller (Fan and Zhang, 2011; Singh et al., 2020). The two feedforward controllers are
designed based on the method of flatness input. The outputs of the feedback regulators are always zero except in
the case of the presence of a disturbance.

5. Simulation Results

A comparison of the two control techniques performances is presented in this section. The parameters of the
simulated machine are the same as those of the experimental one, which are shown in the Appendix.
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Fig. 3. HFBC of DSIM scheme.

The expected goal is to evaluate the method, yielding the best dynamic response. This study is carried out under
the same switching frequency and PI regulators parameters for both methods.

In our case, the comparison concerns the speed and the torque establishing time and the speed compensation
time under a load torque step during transient regime.

Figure 4 shows simulation results of the DSIM control using both methods, where Pl regulators for speed and
current loops are used. Initially, the machine is driven at a speed of 50 rad/s, at the instant t = 2 s. A step of a load
torque of 10 Nm is applied to the machine.

The DSIM speed and its reference using IRFOC and HFBC are shown in Figure 4a. From this figure, it is noted
that the speeds follow the reference well with an overrun of 2% for the IRFOC (and without overshoot for HFBC).
The establishing time is 0.35s (0.024s for HFBC), with a response time at 95% of tr_(95%) = 0.12 s (0.14 s) as
illustrated in Figure 4a’. Figure 4a" shows the speed drop relative to the load torque step (T, = 10 Nm), which is 3%
for the IRFOC and 0.04% for HFBC with a compensation time equal to 0.27s.

From Figure 4b, it can be seen that the speed trajectory following errors are approximately zero in the steady
state for the two control techniques. However, the maximum speed error is approximately 6 rad/s for the IRFOC.

The electromagnetic torque of the DSIM is shown in Figure 4c. The torque establishment time is 0.3 s for the
IRFOC with an overrun of 15% and 0.3ms for HFBC without overshoot.

As shown in Figure 4d, both control techniques present a good dynamic tracking for the current components
(dq), with a slight overshoot for the IRFOC (Figure 4d’). The comparison results are summarised in Table 1.

6. Experimental Validation

This section presents the results of experimental tests carried out on the test bench of Figure A1, which is composed
of a prototype of DSIM (5.5kW, six poles), whose parameters are given in the Appendix. A DC machine is used as
a load, two three-phase voltage source inverter VSls are feeding the machine, and the dSPACE DS1104 controller
board is used to control the overall system.

The experimental tests are conducted under the same conditions for all cases, with a no-load start test performed
with a reference speed equal to 50 rad/s followed by the application of a load torque of 10 Nm at t= 27.5s. The
experimental results of the tests of IRFOC and of HFBC using a conventional Pl regulator in both cases, are shown
in Figure 5.
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The experimental results of Figures 5a and 5a’ confirm those of the simulation and show that the HFBC technique
exhibits better dynamic performances. From Figure 5a”, it can be seen that the HFBC has favourable performances
in terms of stabilisation time compared with IRFOC such that the speed establishing time is equal to 5.5 s for IRFOC
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Parameters of comparison (s) IRFOC HFBC
Speed establishing time (s) 0.35 0.024
tr_(95%) (s) 0.12 0.14
Speed drop relative to a load torque (%) 3 0.04
Speed compensation time relative to a load torque (s) 0.27 0.03
Speed overrun (%) 2 0

Torque establishing time 03s 0.3 ms
Torque overrun (%) 15 Negligible

Table 1. Simulation performances comparison of IRFOC and HFBC.
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Fig. 5. DSIM IRFOC and HFBC experimental results.

Parameters of comparison IRFOC HFBC
Speed establishing time (s) 55 25

tr (95%) (s) 2.2 0.43
Speed drop relative to a load torque (%) 12 2.2
Speed compensation time relative to a load torque (s) 12.5 0.15
Speed overrun (%) 215 21

Torque establishing time (s) 17.5 5

Torque overrun (%) 45.7% Negligible

Table 2. Experimental performances comparison of IRFOC and HFBC.

and equal to 2.5 s for the HFBC. It is also noted that the HFBC shows better performances against the rejection of
disturbances compared to the IRFOC.

The application of the load torque T, =10 Nm causes a speed drop equal to 12% for the IRFOC and 2.2% for
the HFBC. This speed drop is compensated after 12.5 s for the IRFOC and after only about 0.15 s in the case of the
HFBC. Accordingly, the application of a load torque has no significant effects on the performances of the drive speed
control with the HFBC. It is also noted that the speed trajectory following errors are approximately zero in the steady
state for the HFBC. However, the maximum speed error is approximately about 47 rad/s for IRFOC and 34rad/s
for HFBC, as shown in Figure 5b. The HFBC presents a good dynamic tracking of the current components (dq) as
illustrated in Figures 5d and 5d’, respectively. A comparison of the main performances evaluation parameters of
each control method is summarised in Table 2.

7. Conclusion

The FBC strategy combined with an IRFOC method applied to a power drive system is presented in this paper. The
presented results show that a hybrid control method based on the flatness theory can be a very attractive solution for
devices using DSIM such as electric/hybrid vehicles and electrical aircraft. The simulation and experimental results
show that the HFBC offers higher performances in steady and transient states, even in the presence of perturbations
and parameter variations, compared to the classical vector control technique. Moreover, an enhancement of the
drive system control performances is demonstrated by the improvement of the technique of the separation of
the objectives of tracking and disturbance rejection (achieved, respectively, by the flatness feedforward control
and the feedback loop). In addition, the HFBC principle and experimental implementation are simple and can be
generalized and applied to the control of other power systems, and the control methodology proposed here is also
such that it would be simple to extend it to other electric motors. Future work will address the fault-tolerant control
and the implementation of the artificial intelligence controllers.
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Appendix

Quantity

Symbol and magnitude

Rated Power
Rated voltage
Rated current
Rated speed
Number of poles
Rated Frequency
Stator resistance
Rotor resistance
Stator inductance
Rotor inductance
Mutual inductance
Moment of inertia

Coefficient of viscous friction

Pn = 5.5 kW
Vn =110V
In=6A

Nn = 950 rpm
2*p =16
f=50Hz

Rs =2.03Q
Rr=30Q

Ls =0.215H
Lr=0.215H
M=02H

J = 0.06 kg.m?
kf = 0.006 N.m.s/rad

Table A1. Dual star induction machine parameters.
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Fig. A1. Photography of the experimental test bench.
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