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Abstract—In this paper we present a contribution for the
modelling and control of the inverter voltage of a permanent magnet
linear generator with multi air-gap structure. The time domain control
method is based on instant comparison of reference signals, in the
form of current or voltage, with actual or measured signals. The
reference current or voltage must be kept close to the actual signal
with a reasonable tolerance. In this work, the time domain control
method is used to control tracking signals. The performance
evaluation concerns the continuation of reference signal. Simulations
validate very well the tracking of reference variables (current,
voltage) by measured or actual signals. All is simulated and presented
under PSIM Software to show the performance and robustness of the
proposed controller.
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I. INTRODUCTION

HE production of energy is a major challenge for the

years to come. Indeed, energy needs of industrialized
societies are constantly increasing. Furthermore, developing
countries will need more and more energy to carry out their
development successfully. The consumption of these sources
gives rise to greenhouse gas emissions and therefore an
increase in pollution, rapid depletion and instability of fossil
energy prices worldwide, and requires urgent research for new
energy sources to meet current requirements. To meet the
energy needs of today's society, it is necessary to find
appropriate solutions and diversify them. Micro-cogeneration
is one of the solutions. It is the simultaneous and decentralized
production of heat and electricity at low power. The thermal
and electrical powers produced make it possible to meet
heating and electricity needs of buildings, ranging from single-
family homes to tertiary and collective residential buildings.
Used with renewable energies, micro-cogeneration thus
enables to reduce not only the building's fossil energy
consumption but also its greenhouse gas emissions. Micro-
cogeneration will be done by our permanent magnet linear
generator with a multi-air gap structure. Linear electrical
machines with multi-air gap structure have an innovative place
among unconventional electromechanical topologies [1], [2].
The aim is to increase the performance (force/displacement) of
large linear electrical machines for direct drives. The idea is to
fill the volume available for the linear electric machine as well
as possible, in order to increase its volume performances. The
linear electric machine consists of several more or less
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independent elementary cells, each with its own active air gap
zone. There is an increase in a given volume of the air gap
surface. As the electromagnetic pressure is substantially
maintained, the overall effort performance is increased.

Several approaches exist with regard to the study of the
structure of the converter. We can mention the functional
approach in which emphasis is placed on the study of electric
models. We also have the functional structural approach which
is based on the study of different power electronic sub-
structures of which the converter is constituted [3]. The
converter consists of a three-phase voltage inverter which is in
fact only a VSC (Voltage Source Converter) connected to the
DC voltage reserve [4]. In this paper, we wish to take
advantage of the latest advances in control command and thus
obtain high level performances by using converters intended
to improve the transient stability of a micro-cogeneration
connected to an infinite network. In order to analyze the
influence of micro-cogeneration on the grid, a mathematical
model of the converter connected to an electrical grid will be
studied.

II. MULTI AIR-GAP STRUCTURE

All previous solutions are inappropriate when important
strokes are required, typically for a few tens of millimeters and
more, especially if the aim is to be competitive with a fluid-
pressure device in the mass or volume. The first can provide
the force but not the stroke, the second can provide the stroke
but with less force. An original solution to have a specific
effort of more than one hundred of N/kg is to act on the active
surface: the air gap surface. The original solution allows not
reducing the stroke, and using the normal or tangential
magnetic pressure, inherently limited to weak values. The
objective is then to maximize the surface by multiplying the
numbers of fixed and mobile parts within a given volume.

This structure is achieved from asynchronous or
synchronous machines with variable reluctance or permanent
magnets. Multi air-gap structure uses the tangential
component of the magnetic pressure, but solutions with
permanent magnets give the best result. Fig. 1 illustrates this
initiative using a permanent magnet synchronous structure
derived from a conventional cylindrical machine with rotating
magnetic field. In this structure with 4 air gaps, mobile parts,
also known sliders later, are formed of two plates madding up
alternating permanent magnets. Stators are made up of slotted
sheet assembly, and filled by single or multi-phase windings
for creating travelling field.
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Fig. 1 Multi air-gap structure

III. INVERTER MODELLING

The inverter is nothing other than a VSC which is a three-
phase voltage converter consisting of 3 switch arms and
connected to the grid via a three-phase transformer [3]. Each
switch arm consists of a combination of two blocks each
having a controllable switch (Insulated-Gate Bipolar
Transistor) for example mounted in parallel placed
freewheeling diode and having the role of blocking reverse
voltages. Its role is to rectify the AC power from the
transformer and send it to the DC circuit [5]. In addition to
this, it also performs the reactive power compensation
function since it can supply or absorb reactive power,
independently of the active power, to the network [6]-[10].
The inverter is modeled by ideal switches. The only constraint
is the floating neutral. The voltages Ua, Ub and Uc correspond
to the string voltages of the three-phase inverter. The voltages
Ula, Ulb and Ulc are phase voltages of the inverter Fig 2.
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Fig. 2 Linear machine with inverter

The voltages Ua, Ub and Uc can be imposed by an
appropriate control of the electronic switches (static
contactors) [11], [12]. The voltages UkO (with k=a, b and c)
can be determined at the inverter output. We have:

{Ulal - UaO - Ulbl + UbO =0 (1)
Ulyy = Uy — Ul + Uy g =0

Depending on the conduction of the switches in an inverter
string, the string voltages UkO can be equal to either Upc or 0.
The network being symmetrical three-phase with floating
neutral point, we have:

Ul, + Ul + Ul, = 0

Ulg, ) 2 —1 —1][Vao
Ulyy [ = 3[-12-1 Upo 3)
Uet -1 -1 211U

For the three phase voltages of the circuit, we have (4) and
(5) using the definition of the space vector. The general
relationship is given by (6).

ﬂ
Ula [La 0 0] |;5;| Ua1
Ulb|= [0 Lb of |=—=|+ [Up1 4)
Ulc 00 Lc Uy

)
{U(t) = Uly; (1) + aUlyy (1) + 22Ul (1) a = 213 5)
I(t) = i,(t) + aip(t) + a2i ()

dig,(t)
dt

U® =L +U;j(®) Li=Ly,=L.=L (6)
Taking into account (6) transformation from natural abc to
stationary af3 coordinate system can be expressed as:
dig
Ue(t) = LE + Ui (D)
dig(® (7
8
£+ Uip (D)

UB(t) =L

Fig. 3 illustrates the structural diagram of such a
representation.
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Fig. 3 Structural diagram

The voltage of the inverter (Ua, Ub, Uc) depends on the
state of the switches (Sa,Sb,Sc) and the DC voltage Upc, (8)
and the current I is the sum of the currents of each line given

by (9).
Up :UDC(Sk—ézsk) k=ab,c (8)
IL = iaSa + ibSb + iCSC (9)

The current flowing through the capacitor is obtained by the
(10). Ig: Linear generator current.

Ipc =1y — Ig 10
C'ditDc + % = iaSa + ipSp +1cSc "

After decomposition of space vectors into o and f
components, one obtains:
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2 4
[Ua] 2 1 cos (?”) cos(?n) Z;:
Usl 3]0 sin (2?”) sin(%n) Ul, (11)

CdUDC2 UDCZ 3
CdUpc | Upc” _ 2y po
2 dt R 2

Equation (11) in stationary coordinates o and B, allows us to
obtain the global ordering strategy, Fig 4.

Fig. 4 Overall structural diagrams

To reduce the effects of the harmonics, carrier based PWM
techniques are used. It consists in changing the pulse width of
the output voltage with appropriate controls of the switches,
comparing the sinusoidal reference signal with a triangular
carrier wave of frequency fc [13]-[15], Fig5.

Fig. 5 PWM current control

The PWM allows the inverter to generate an output wave
very close to the ideal shape and to obtain linear control of the
amplitude of the output voltage and current. Fig. 5 illustrates
the PWM controller calculation structure. We will use a P.I,
taking a bandwidth less than or equal to half a decade of the
cut-off frequency (op = wc/(10)"%), we deduce

K=L* op and Ti= (10)"*wp. Carrier frequency: 10 kHz.

Fig. 6 shows the calculation block for the voltage controller.
The controller action will be to maintain the average value of
the output voltage and not the instantaneous value. The
calculation of voltage controller is done using (12) and the
transfer function, (13):

2 Unlim = Upco(CTRE2 + 220y (12)
sU 3 R
T 2 UM (13

Udco

SYSTEM

U
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Fig. 6 Voltage controller calculation block
Let us calculate the gain K and the integration time
Ti (C(p) = K(1+Ti.p)/Ti.p). K*Ti = R*C/2
1/2afp = Ti/(3/2)*U,,.R.B,

B is the sensor. The voltage cut-off frequency is adjusted to 20
Hz. The PI controller: K = 1.855; Ti = 2.695msec.

IV. RESULTS

Several simulations have been done in order to evaluate
described control methods. Simulations have been focused on
time domain.

TABLEI
MAIN DATA OF SIMULATION MODEL
Symbol Quantity Units Value
f frequency Hz 50
Vi supply voltage A\ 400
L inductance mH 5
C DC-link capacitance uF 200

The control method in the time domain is based on the
instant comparison of the reference signals in Fig. 7, in the
form of current or voltage, with the actual or measured signals
in Fig. 8.

The reference current is kept close to the measured signal
shown in Fig. 9, as is the DC bus voltage in Fig. 10. The
simulation results validate very well the tracking of the
reference variables (current, voltage) by the measured or
actual signals.

V.CONCLUSION

In the literature, several mathematical models [3]-[11] of
the inverter are proposed for functional analysis and different
simulations. The selected inverter model will be governed by
(11)-(13). The generation of reference signals used to control
the opening and closing of the inverter semiconductors is
carried out using control algorithms that can be classified into
time, frequency or other domains (fuzzy logic, predictive
control, etc.).

The time domain control method is used to control the
tracking signals. The evaluation concerns the continuation of
the reference signal. The simulations presented under PSIM
software validate very well the tracking of the reference
variables (current, voltage) by the measured or actual signals.
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Fig 9 Current tracking (Ik measured currents, IrefK with k= a,b, c reference currents)
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Fig 10 Voltage tracking (Vdcmes: measured voltage, Vdcref: reference voltage)
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