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ABSTRACT. This paper presents performance comparison between two inverter control
techniques: PWM control and Direct Voltage Control (DVC). They are applied for a Per-
manent Magnet Linear Tubular Synchronous Actuator (PMLTSA) drive fed, to control
instantaneous thrust and to ensure plunger position accuracy in magnetically saturated
state. A dynamic modelling of the studied actuator is applied under magnetic nonlin-
earities. Then, an autopilot scheme is successfully implemented and simulated under
MATLAB®/Simulink environment using the studied control techniques. Simulation re-
sults present large differences between the studied control strategies and prove the excellent
performance of DVC approach, compared to PWM control technique.

Keywords: PM linear synchronous actuator, Direct voltage control, Position control,
Magnetic saturation, PWM

1. Introduction. The control of electrical machines records more and more increasing
progress [1]. This progress is linked to evolution in numerical technique fields and perfor-
mances are reached by components of power electronics [2].

In AC motors family, PM Synchronous Motor (PMSM) takes good place and becomes
now widely used in various industrial applications [4]. Its advantages include high torque
to current ratio, large power to weight ratio, higher efficiency and robustness. These
important factors cannot hide some serious limits of the PMSM, like nonlinearity of the
developed torque due to magnetic saturations [5]. This nonlinearity can introduce unde-
sirable fluctuations on transient torque in heavy load operating points. This nonlinearity
can also cause fails in the control scheme and constrain the system to stop, if the coupling
effect between current components appears during transient dynamics [3,6].

The drive system plays an important role to control this nonlinearity. It should enable
the drive to follow any reference function taking account of the effects of the load impact,
the saturation variation and the parameter sensitivities [7-9].

In this paper, a control method based on Direct Voltage Control (DVC) strategy is
compared to a PWM control technique. They are applied for a PM Linear Tubular
Synchronous Actuator (PMLTSA) drive fed [10,11].

The aim of this work is to control force and plunger position of the actuator taking
account of the magnetic nonlinearity effects and the load impacts on the dynamic behavior
of the actuator.
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For the actuator supply, we use three-phase Voltage Source Inverter (VSI) with current
control levels. A closed-loop control system is considered to ensure plunger position and
speed accuracy.

This paper is composed of four parts. Firstly, a brief description of the studied actuator
and its dynamic modelling are presented. Secondly, the theoretical background of the in-
verter control techniques is summarized. Thirdly, closed control loops related to currents,
plunger speed and position are applied to the dynamic modelling of the actuator. Finally,
simulation results are discussed and compared.

2. Dynamic Modelling of the Actuator.

2.1. Actuator description. The studied actuator is a three phase tubular PM linear
synchronous one equipped with quasi-halbach magnetization and modular stator struc-
ture. It is composed of 9 stator slots and 10 armature poles. The three stator armature
windings are shifted from each other by a distance of 27,/3, with 7, the half pole pitch.
Figure 1 presents the half cross section of the actuator structure. The parameter dimen-

sions are presented in Table 1.
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FI1GURE 1. Half cross section of a PMLTSA structure

TABLE 1. Specifications and actuator parameters

Specifications Parameter value
Resistor R; =0.6(Q2)
Pole pitch 7, = 10(mm)
plunger weight M = 4.5(kg)

Friction force coefficient | f, = 30(N)
Mazimum load force F;, = 1500(N)

DC woltage supply Ve = 42(V)
Sampling time Ty = 10(pus)

Modulation period T, = 0.1(ms)
Mazimum force Frax = 5(kN)

2.2. Dynamic modelling. The dynamic modelling of the PMTLSA is presented as a
coupling of electric, magnetic and mechanic models as shown in Figure 2. It takes account
of the nonlinear magnetic effects and it develops sinusoidal electromotive force.

For an accurate computation of F,,,, F and L., a 2D axisymmetric Finite Element
Model (FEM) is developed under PC-Opera® software environment. The waves of these
curves are computed, according to different current densities and over one pole pitch.

These 3D finite element results are then stored on 2D Lookup tables under MATLAB®
/Simulink environment using 3D response areas. Then, they are injected on the dynamic
model of the actuator.
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FIGURE 2. Synoptic diagram of the actuator model coupling
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FIGURE 3. Response area of self inductance L.,
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FIGURE 4. Response area of electromagnetic force F,,

To ensure the continuity between the different points of 3D curves, a linear interpolation
function is applied. Figures 3 and 4 present respectively the response area of the self
inductance (L,) and the electromagnetic force (F,,).

The dynamic modelling of the actuator is expressed with Equations (1), (2), (3) and

(4).

i iabc — [Labc]_l ['Uabc_Riabc_eabc] (1)
i\ &)= e, m)
with:
€q i ' sin(szg
€abc = €p = _%-Np'ﬁbpm Sln(NpZ_*_?ﬁ) (2)

e sin(N,z+7)
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Ugpe 18 the actuator model input. 74, and 2 are at the same time, the state spaces and the
model outputs. Nomenclatures of the different abbreviations are presented in Table 2.
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TABLE 2. Nomenclatures

Symbol | Description

N, Electrical position constant
Tp Plunger pole pitch

Vabe Supply voltage vector

Uref Voltage reference vector
Tabe Current vector

Eref Current reference vector
Cabe Electromotive force vector
Ypm Mazimum value of PM flux
Py, Fluz in phase k, with k = {a,b, c}
R Statoric resistor matrizc
Lape Statoric inductance matriz
Fopn Electromagnetic force generated by the actuator
Fref Reference force

F, Friction force coefficient

E Load force

Zref Reference position

z Plunger position

M Plunger weight

Tm Mechanic time constant
Ky, Position controller factor
Ky, K1y | Speed controller factors
K,,K; | Current controller factors

3. Background of the Inverter Control Strategies. The inverter source supplying
the actuator is associated to a current control sub-system for a force control purpose.

3.1. VSI modelling. For an ideal three phases VSI, the voltage vector v, is strictly
dependent on the DC bus voltage Vpe and the logical states of the three switches ¢, ¢y
and ¢z (5). The two switching commands of each leg are complementary. Therefore, only
three independent variables are sufficient to define the inverter states. These variables
are here represented by three Boolean variables ¢, ¢y and c3, where ¢; = ¢4, co = ¢; and
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3.2. The sinusoidal PWM control strategy. The sinusoidal PWM control technique
is the most used for industrial converters. The basic principle of the PWM technique
involves the comparison of triangular wave frequency with the fundamental frequency of
a sinusoidal modulating wave [2,6].

In this study, the voltage inverter is controlled with a current control sub-system, so a
PI current controller is used for each phase of the actuator. This PI control bloc provides
a saturated voltage reference vector. The associated integral action is limited with an
optimal algorithm.

C3 = Cg.

3.3. The DVC control strategy. The DVC strategy is based on the space vector PWM
control strategy. It can operate in three different modes: position control, voltage control,
and load control. It aims to follow one specific vector by the control low that respects the
min (max) criterion [12-14].
In this case, the sampling time 7} is chosen to be N times smaller than the modulation
period T, used by the space vector PWM control technique (75 = TyN).
The voltage reference vector v,.f, provided by the PI current control loop, is expressed
with Equation (6), where ( is the reference voltage angle.
o= Veer i
Uref VDC’6 (6)
The studied system is considered as a balanced one. The associated space vector in the
Concordia reference frame work (d, ¢) is used.
In recurrent form, the voltage space vectors are expressed with equations system (7),
Figure 5 and Figure 6.

o 2 0, =
U = \/?VDC@] k. for k = {]-, 2; ey 6} with Hvk = (k — 1)1 (7)
b= 0 for k = {0; 7} ’

The minimization process takes account of the two components ¢4 and ¢, of the voltage
error at the same time. As the voltage vector is constant during the considered interval
time, the voltage error evolution can be expressed by & (8). The adequate voltage vector
is selected by solving the constraint (9).

(n = 1,...,7) is an index to distinguish the effect of each voltage error on voltage
vector.

(n(te)) = ea + jeq = (tr) + Ta [Ores (tr) — v(n(tr))] (8)

“min_((n) = min_(max(|a(n)], |z,(n)]) 9)

The DVC structure can be summarized on three steps:

Step 1:

e voltage vector choice

e voltage error components computation

e saving of the maximum absolute value of these components,

Step 2: Iteration of the process is applied to the other voltage vectors,
Step 3:

e selection of the first one
e selecting the associated index voltage n.
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FIGURE 6. Inverter voltage vector in Concordia reference frame

4. Closed Loop Control Structure. For a current control purpose, two PI controllers
are used in Concordia reference frame. Expression (10) and (Figures 7 and 8) present the
current, control strategy using an e.m.f compensation.

K;| - _ _
b = Ko+ 22| [ =1+ 8 (10)
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FIGURE 7. Synoptic diagram of the actuator current control strategy
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FIGURE 8. Synoptic diagram of the actuator current control scheme

For an instantaneous force control, a PID controller is used. It is expressed by Equation
(11).

K

Fref — |:va + TU:| [Zref - Z]p (11)

with F, < Kpy < v/FaxM and K, = Z22,

Tm

5. Simulation Results.

5.1. Current control results. The purpose of this section is to evaluate the performance
of the proposed control techniques presented below. These approaches are implemented
in the Simulink environment. They are tested to supply a PMLTSA working in autopilot
mode and using a three phases VSI.

The same initial conditions are applied in these simulations cases, as well as, frequency,
reference values and load. Two current levels chosen respectively in saturated and non
saturated magnetic states (I,,; = 5A and I,,,5 = 20A) are tested for:

iref(t) = Iy sin(Nyz) with N, = /7, (12)

The actuator force load is considered as a linear function of the plunger speed v, with
a maximum value of 1.5kN (13).

F, = K.v with K a constant value (13)

For the same simulation conditions, the sampling time used in simulation is T's = 0.1ms
for PWM and DVC control structure.

5.1.1. Case of non saturated state. The PMLTSA is initially running with a current ref-
erence level equal to I,,; = 5A, and under a load regime.

The dynamic force reaches 190N in the steady state in two cases. The best response
time is followed with the DVC technique. It is less than 0.3ms. For the PWM technique,
we have more than 0.5ms, Figures 9 and 11.

Also, for this low current level, successful results are confirmed by the good statoric
current waveforms, (Figures 10 and 12).
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FIGURE 9. Dynamic force evolution with PWM control
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FI1GURE 10. Current evolutions with PWM control
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FiGure 11. Dynamic force evolution with DVC control
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5.1.2. Case of saturated state. For I,, = 20A, with PWM control technique, same forces
ripples are observed (Figure 13). In the steady state, the dynamic force is reaching 760N.
These ripples are reduced with the DVC control technique and a quasi constant dynamic
force is observed (Figure 15).

Concerning the response times, DVC technique has less than 0.5ms. For the second
technique, this time is more than 1.5ms in the same simulation conditions.

For this high current level, the statoric current waveforms, obtained from the DVC
technique (Figure 16), follow the reference current evolutions. With the PWM technique,
current curves do not conform to the reference currents values, especially on the curve
picks (Figure 14).
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FiGURE 13. Dynamic force evolution with PWM control
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FIGURE 16. Currents evolutions with DVC control

These simulation results verify that the proposed strategies have a fast dynamic re-
sponse and can effectively control the generated voltage under different linear or nonlin-
ear loads with different degrees of accuracy. As shown, with these control techniques,
the DVC one produces the best dynamic force and current characteristics, with minimum
ripples and low response time. Therefore, it is used for the speed and plunger position
control system.

5.2. Speed and plunger position control results. The purpose of this section is to
evaluate the performances of the proposed speed and plunger position control structures,
when a trapezoidal reference speed is applied. A force load variation of 50% is generated
at t = 3s. Figure 17 presents the superposition of the speed and the speed reference. A
10% variation of the generated speed is observed at t = 3s.
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FIGURE 17. Plunger speed evolution
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FIGURE 18. Plunger position evolution
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6. Conclusion. This paper presents performance comparison between two control tech-
niques of a voltage source inverter: PWM and DVC techniques. This inverter is used to
supply a PM linear synchronous actuator, used to actuate a high dynamic positioning
application. A nonlinear dynamic modelling of this actuator is presented, taking account
of the magnetic nonlinearities of the actuator structure.

The simulation results developed under Simulink environment show the difference be-
tween the studied control techniques. Force ripples and response times are observed on
the dynamic simulated forces, compared for two references of current. The obtained re-
sults prove that in linear magnetic conditions, a good accuracy is observed in currents and
force evolutions. For nonlinear magnetic conditions, current curves present ripple with
PWM technique. With DVC technique, currents are conforming to impose references.
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The studied control techniques satisfy the tracked objective, but DVC approach is the
most suitable for the inverter control at saturated and non saturated states. The latter
technique presents especially these advantageous:

e Do not require a very high number of commutations to provide good accuracy min-
imizing the switching losses in the inverter.

e Working with constant switching time avoids the use of high quality power electronic
components. Inverters based on classical transistors can be then used.

In closed loop control structure and using the DVC, the developed work ensures a
performed axial dynamic positioning with instantaneous thrust control, as well as a high
speed and position accuracy.
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