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Abstract

This paper presents a finite element (FE) physical model of power cables. Such a model would allow an efficient representation of the cable under different operating conditions. The terminal behavior of the cable is investigated by direct coupling of FE model with Simulink. The abc form model of the cable is also built. Inductances are calculated by energy/current (E/C) perturbation method. The terminal behavior comparison of FE model and abc inductance model under different operating conditions is performed. The result shows that the FE model is more accurate.    
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1. Introduction
Computer simulation of power systems are widely used to study load flow, steady state voltage stability and dynamic behavior of power systems. In any problem, where analytical and numerical algorithms are used to analyze a physical system, the results are only as accurate as the mathematical models used. In power systems analysis, the solutions obtained by any power system analysis algorithms (e.g. load flow, short circuit, stability, etc) are only useful to the user if they provide results which are meaningful with respect to real system especially for power systems like those ships, or spacecrafts. It is therefore important to model each component of the system as accurately as possible. 

The transient behavior of power cables is difficult to model accurately, because of the strong dependence of the cable parameters on the power system operating conditions.  A number of well-established models can be found in the literature [1]–[4]. Despite this there are not yet fully satisfactory models that are simple and reliable for general purpose electromagnetic transient simulators. It’s also crucial to model cable efficiently especially for energy systems with different operating frequency (e.g. ship power system in which there are two frequencies used 60Hz and 400 Hz) [7].
FE modeling is the most accepted numerical solution technique for field problems. It provides efficient ways for analysis, simulation, optimization, external and incipient fault studies and control system design of different power system components. 

In addition to FE model, equivalent circuit models are considered as the main alternative modeling technique. The circuit parameters of the model are usually obtained from analytical formulas, or from FE solution. In this paper we will utilize energy/current (E/C) perturbation method based on the FE solution to find the cable inductances.  

The E/C perturbation method has been successfully applied to a number of electromagnetic devices including transformers, permanent magnet machine (PM), salient pole synchronous machine, and induction motor [6]. This method was found to be especially useful for machine with inherent three-dimensional magnetic field distribution where traditional methods for coupling flux linkages would have been difficult to implement.
The accuracy of the inductances plays a critical role in accurate modeling and simulation of the cable performance. These inductances are used to build an abc model for this cable. The terminal behavior of the FE model and abc model are compared for accuracy.  
2. Magnetic field equation
 The quasi-static magnetic fields inside the cable are governed by the following nonlinear partial differential equation (PDE) [8]:
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When unbalanced operation occurs, the distribution of the magnetic flux is fundamentally altered. But the electromagnetic field still satisfies the PDE given by equation (1). Thus solving the electromagnetic field of a cable under faulty conditions is reduced to solving the partial differential equation given by (1)
3.  Finite element method 

The finite element method (FE) is a numerical technique for finding approximate solutions to partial differential equations. The magnetic potential distribution which satisfies the governing PDE given by equation (1), subject to proper boundary conditions (e.g. Dirichlet, Neumann’s …etc) will also minimize the stored energy in the field and vice versa. A detail description of the FE can be found in [8, 9, and 10]. The finite element method has the advantage of geometrical flexibility (irregular geometrical shapes). It is possible to include a greater density of elements in regions where fields and geometry vary rapidly using adaptive meshing.
Two different approaches were developed to couple finite element models with circuit equations [11]. One is the direct coupling and the other is indirect coupling. In direct coupling, the circuit equations are directly incorporated into the field calculation and solve simultaneously. In indirect coupling, the field calculation is performed by a stand alone program to calculate the model parameters, while circuit simulation and coupling are handled in a separate program utilizing parameters calculated from FE solution. The indirect coupling is faster in execution time than direct coupling. 
4. Cable inductance calculation by energy perturbation method
The cable inductance is complicated functions of the conductor’s currents, saturation characteristics of the cable. The energy perturbation method is used to compute the self and mutual inductance of the cable. The method detail is as follows:

For a lossless (conservative) magnetic field with n coupled conductors, the instantaneous terminal power of the 
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Where:   
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  :   incremental inductance  which is the partial derivative of flux linkage 
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  where k=1, 2, 3… n . 
The first term represents the instantaneous power dissipated, and the remaining terms represent the instantaneous reactive power associated with the flux linkage with the 
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The total energy W of the system,   

[image: image18.wmf]1

n

j

j

WW

=

=

å

                                                                   (3)
Where:  
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If we disturb the n currents by small increments,
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Performing the integration, and using difference equation to express the partial derivatives of the global energy with respect to the incremental change in currents. The inductances can be found by using the following equations.
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 Where,
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An E/C perturbation Matlab script was written to evaluate the self and mutual inductances of the cable. The result will be presented in the following section.

5.  Results and Simulink Implementation 
The cable consists of three triangle sectors phase conductors. All conductors are made of copper. The cable insulation consists of inner and outer insulators and a protective braiding (steel tape). The cable length is 12 meters. The cable sketch is shown in Figure 1. The Following Assumptions are made while performing FE analysis on the cable. The Cable is assumed to be infinity long and the problem becomes a two-dimensional one and conductors have constant conductivities and relative permeabilities. The steel tape has a constant conductivity but its relative permeability is non-linear function defined with a model of analytic saturation curve with bend adjustment.
The FE model contains 6578 second order elements with 13337 nodes. The time required to simulate 0.1 sec is 4 minutes and 4 sec. Figure 2 shows the magnetic flux distribution inside the cable at t=0.1sec under balanced operating condition.
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         Figure 1 Cable sketch                                          Figure 2 Magnetic Flux Field Picture

The FE model was then exported to Simulink. A 450V, 60 Hz supply voltage was then used to energize the cable. Two cases were considered, balanced and unbalanced operation. For unbalanced operation a single line to ground (SLG) fault was applied to phase B.  The cable inductances in hennery per meter calculated by energy perturbation method are shown in Table 1. 

Table 1 The Cable Conductors' inductance in H/m
	
	Phase A
	Phase B
	Phase C

	Phase A
	1.13E-05 H/m
	1.56E-05 H/m
	1.55E-05 H/m

	Phase B
	1.56E-05 H/m
	1.13E-05 H/m
	1.38E-05 H/m

	Phase C
	1.55E-05 H/m
	1.38E-05 H/m
	1.13E-05 H/m


These parameters were then used to build an abc frame cable Simulink model shown in Figure 3. The abc model represent the electrically separate but magnetic coupled three phase conductors of the cable by a set of first order linear differential equations [11].
[image: image31.png]



Figure 3 the abc Cable Model

Figure 4 and 5 shows the cable currents at the receiving end for balanced and unbalanced operation by using physical and abc models respectively.
Here the performance difference between the physical model and abc model are more visible during unbalanced operation. For SLG at phase B, the phase B current is equal to zero in abc model whereas in FE model the current is reduced to about 35% of the normal load current.  The good behavior of the abc cable model under the balanced condition is related to the fact that the inductances were calculated under balanced conditions. A major disadvantage of the FE model is the long simulation time. In order to overcome this disadvantage, FE indirect coupling method is being considered in which the behaviors of a magnetic component will be calculated over a wide range of operating conditions using FE. The behavior can be characterized by a lookup table circuit model to model the device in all its possible states (using interpolation). Then the circuit model can be used to model any operating condition using the FE information in the table.
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(a) Phase (A) FE Model                        (b)   Phase (A) ABC model

    Figure 4 Comparison of the terminal behavior of the cable under balanced three phase operation for  (a) Physical Model (b) ABC Model
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(a)  Phase (B) FE Model                        (b)   Phase (B) ABC model

Figure 5 Comparison of the terminal behavior of the cable under SLG Fault

 for (a) FE Model   (b) ABC Model
6. Conclusions
An FE cable model is given in this paper. Based on the physical information of the cable, an FE cable model was build. The model was then coupled to Simulink and used to study the terminal behavior of the cable under different operating conditions. The cable inductances were calculated by using energy/current perturbation method. These inductances were then used to build the abc model of the cable. The cable terminal behavior obtained from the physical model was compared with that from cable abc model. The comparison was conducted under balanced and unbalanced operating conditions respectively.  The results show that the FE model is more accurate but at the price of longer simulation time. This can be improved by utilizing the FE indirect coupling. More effects need to be included in the cable model, this include the capacitance and frequency effects on the cable parameters.
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