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Abstract - In this paper, we present a method accounting for feedback control in coupled field circuit
models. This method can manage all kind of electronic switches which can be controlled by means of
different electric or magnetic quantities calculated during the simulation (flux, currents, voltages, ...).
Electrical systems involving magnetic devices, power electronic converters and their control devices can
be simulated in presence of phenomena such as eddy currents or saturation of the magnetic materials.

Introduction

Many works have been dealing with field circuit coupled model [1][2]. This paper relates the implementation of
feedback control loops in a coupled field circuit model. This model allows us to study electromagnetic fields in
structures fed by power electronic circuits. These circuits contain active Power Electronic Components (PEC)
and have a time dependent topology. This model is based on 2D Finite Element Method (FEM) to discretize the
magnetic field equations and external circuits are represented by the state equations formulation [3]. A novel
method is used to link the two systems. The different windings of the electromagnetic structure are taken into
account as voltage sources of the circuit, this method simplify the global formulation [4]. The whole field-circuit
system written in matrix form is solved by a step by step integration algorithm. In order to take advantage of this
powerful formulation and in order to deal with industrial applications involving feedback control configurations,
we present a method accounting for the control loops in field circuit models [5][6].

In this paper , we apply this method to model a multi-windings transformer. The latter is made of one primary
winding and four secondary windings and is associated to four power electronic converters in a railway traction
drive system[7]. To assure a power factor close to unity and to attenuate the harmonics present in the ac electric
supply the currents in the secondary windings of the transformer are regulated.

First, we sum up the coupled field circuit formulation using 2D FEM method, then we present a method
accounting for the feedback control strategy and lastly we present the simulation of the multi-windings
tranformers associated with for power electronic converters.

Coupled 2D FEM field circuit model

A magnetic vector potential formulation is established from a 2D transverse magnetic hypotheses. We consider
only magnetic devices with windings made of stranded conductors. The current density J is assumed to be
uniform in the conductors and is related to the magnetic vector potential A by:

curlvcurIA=J=—o-iA—o-grad(cD)=nliu (1)
dt S..
where v and o are respectively the reluctivity and the conductivity of media, ® is the electric scalar potential,
Istc, the current in a winding, Sec, the total section occupied by a winding, n, the number of stranded conductors
in a winding and u is a vector perpendicular to the study plane. The field equations in matrix form are obtained
by discretisation of the study domain using 2D FEM and are given below:
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where M is the permeability matrix and N is conductivity matrix of the media. Ps; makes the link between the
nodes and the currents in the windings. Uwst, lwst, Rwst represent respectively the voltages, the currents and the
resistors values related to the windings made with stranded conductors.

The external circuit equations are obtained automatically from the topological description of the circuit by using
the Welsh algorithm and are written in the state form:

= A S+ B B 0 B0 ®

Xc represents the state variables which are the branch capacitor voltages and the link inductor currents. U is the
vector of the real current and voltage sources. The matrix Ac, B¢, Bwst, Ec are evaluated automatically at each
step according to the operating mode of the converters.
In these equations, each winding of the magnetic devices is modelled as a voltage source Uyst. This solution
seems to be interesting because the voltage drop on windings are naturally part of the sources of the circuit and
the currents through the windings are naturally the sources of the electromagnetic field. Thus, the currents in the
windings are obtained by the relations:

flue = [P JX 4 60 JU @
A resistor and inductor in series with each winding can be added to the circuit to model the parts of the magnetic
device which are not taken into account by 2D FEM. Equations (2) and (3) are linked together with equation (4)
to form the global system:
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The system is solved by a step by step method knowing the real sources U to get the magnetic vector potential A
on each node of the mesh and the state variables Xc. The PECs like diodes, transistors or thyristors are modelled
as two values resistors : a very high value when it is off and a very low one when on. The states of the PECs are
not known a priori. Their states are managed by a coloured Petri net representation [4]. Up to this point, to
simulate the dynamic operation of the whole system, the control signals of PECs are defined all for once at the
beginning of the simulation [3].

Taking into account of the feedback control

In order to take into account feedback control, we have implemented the method of control loops in the software
developed from the coupled field circuit model [5-6, 8]. We have adopted a formalism intimately related to the
sampled control model. The method consists to interrupt the main program every sampling time.
Communications between the coupled system and the control block occur only at these sampling moments.
Between two sampling instants, the software continues to search for natural commutations of PECs, by looking
at the voltages across these components. Precisely at each sampling moment, the control block receives its inputs
sent by the main program. These inputs are defined as voltage drops across resistors placed in the circuit. The
control block computes the internal variables to elaborate the control laws and sends back to the main program
the gating orders of the PECs. From this model, a software called MagCvs has been elaborated. As the main
program, the code for the controls law is written by the user in FORTRAN and can be written also in C.

Application: Multi-windings transformer in a railway traction system

To validate this field circuit model accounting for feedback control, we study the ac to dc power supply of a
railway traction drive system (Fig. 1)[7]. Our study consists to model the multi-windings transformer associated
to four Ac-Dc converters and takes into account the current regulation needed to satisfy the railway standards.
The different features treated here are:



The Ac catenary line (25 kV ac rms) feeds the main transformer whose structure is given on Fig. 2. The
latter has a single primary winding and four secondary windings. All the conductors forming the windings
are modelled as stranded conductors. The primary winding is made with 2828 turns whereas each secondary
with 168 turns.

Four 4-Quadrant Converters (4QS) (Fig. 1) are connected to the secondary windings of the transformer in
order to convert the Ac voltage of the overhead line into Dc voltage (Ec = 2750 V). The 4QS converter is
made with 4 power transistors (IGBT) and are controlled using synchronous bipolar Pulse Width
Modulation (PWM) technique. This technique allows to deliver an output voltage of the 4QS converter with
3 levels (-Ec, 0, E¢ ) and to reduce the harmonics in the overhead line current. The input line frequency is 50
Hz and the triangular carrier frequency is 6 times this frequency. We represent the Dc to Ac converters and
the induction motors as a Dc voltage source whose value is equal to Ec.

A Unity Power Factor Control ensure a maximum power transfer between the line and the load. A real time
current regulation keep the phase shift angle between the Ac supply voltage and its current equal to zero. It
can be shown that the leakage inductance of the transformer is a key parameter of this current regulation [7].
The value of this parameter is obtained by simulations made with our software where PEC are removed and
the four secondary windings of the transformer short circuited. This value is included in the control block
which is compiled with our program and whose diagram is given in Fig. 3.

A multi-interlaced phase shift control allows to reduce the undesired current harmonics [7]. This control
consists to phase shift by 45°, with respect to each other, the carrier signals of the 4QS converters.
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Fig.1: Induction motor traction drive system Fig.2: The main transformer with one primary and four
secondary windings

T T
o __:/\f\N I M \
M /\/\\/m N N ff. |
\/w k/ | (\J\f\/ \\Mj :

-200

— W
-400] Flela-Circuit Model

=500 T T T -300 T T
0.045 0.050 0.088 0.060 0.06% 0.070 0125 0130 013 0140 0145 0.150

Fig.3: Block diagram of the current  Fig.4: The current in the primary Fig.5: The current in the primary
regulator winding of the transformer without ~ winding of the transformer with
multi interlaced phase shift control multi interlaced phase shift control
obtained from a circuit model and  obtained from a circuit model and
the field circuit model. the field circuit model.



We have simulated the operation of the power system constituted with the multi-windings transformer associated
to the four 4QS converters. This power system is supplying a Dc voltage source and the current regulation
described before is taken into account. We consider two cases: a current regulation with and without Multi-
Interlaced Phase Shift Control. We present results in a case where the RMS of the fundamental of the currents in
secondary windings are assigned to 707 A. We compare them with results obtained from simulations made with
a purely circuit model software [5]. Fig. 4 and Fig. 5 show the currents in the primary winding of the
transformer. We can observe the good agreement of the results obtained from the two models with a quite
complete feedback control, mainly in the case without phase shift control (Fig. 4). On Fig. 5, we can see that the
phase shift control allow to reduce harmonics of the current in the primary winding of the transformer. In this
case, according to the simulation results obtained from both models, we find 8° phase shift between the voltage
and the current of the Ac supply which corresponds to a power factor close to unity as desired.

Conclusion

In this paper, a method taking into account the feedback control in a time stepped coupled field circuit model is
presented. This method is based on the formalism of sampling mode. It allows the simulation of complex system
involving a strong interactions between power converters associated with electromagnetic devices and their
controls. An industrial high power application , used in railway traction system is studied. We can model a very
large number of windings feeding various converters made of PEC (diodes, power transistors, thyristors).
Complex and useful feedback controls can be implemented in a discrete version without altering the codes of the
software. The comparison of simulation with a circuit model validates our general field circuit formulation using
2D FEM. Further works are going on to validate this coupled model with feedback control in power systems
where the saturation of ferromagnetic material is significant.
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