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                                                                                         4 Efficient implementation of BEM and shape optimization problems

                                                                                                4.4 Numerical experiments

                                                                4.4.3 Industrial example

                                
                    In this section we consider the problem reported in [10], namely the optimization problem
 inspired by a simplified model of a gas insulated switchgear used in high-voltage circuits, see
 Figure 4.26a. The device consist of a metal housing with its interior filled by an insulating gas
 (sulphur hexafluoride) enclosing two pairs of electrodes. One of the shielding electrode is subject
 to a high potential of 1050 V, the others are set to 0 V. Contrary to the above experiments,
 the electric field is modelled by an exterior Dirichlet boundary value problem for the Laplace
 equation, i.e.,


whereΩdenotes the components of the switchgear including the housing and the electrodes, Γf
 denotes the surface of the to-be-optimized electrode, andΓ0 :=∂Ω\Γf. The Dirichlet condition
 onΓf is scaled tou= 1. Note that the radiation condition (or the boundary condition in infinity)
 has to be specified to ensure uniqueness of solution. The weak solution u to (4.40) belongs to
 H∆,loc1 (Ωc), i.e., the space of functions whose restriction to any compact subsetO ⊂Ωcbelongs
 toH∆1(O). It is given by the exterior representation formula [96, 119, 121]


u=−V γ˜ 1,extu+W γ0,extu inΩc


with the potentials given by the formulae (2.101), (2.102) but with the target spaceH∆,loc1 (Ωc).


The application of the exterior Dirichlet trace to the representation formula taking into account
 the jump properties of the potentials leads to the boundary integral equation


(V γ1,extu)(x) =−1


2γ0,extu(x) + (Kγ0,extu)(x) forx∈Ωc. (4.41)
 The Galerkin discretization leads to the system


VhgN=


with the boundary element matrices from (4.10), (4.14), (4.15). Formally, the system is 
 iden-tical to the interior problem from the preceding sections except for the direction of the jump
 represented by the change of sign associated with the discretized identityMh.


The goal of the optimization procedure is to minimize the probability of electrical breakdown
due to high electrical fluxes through the boundary of the electrode while keeping the design 
com-pact. Assuming sufficient regularity of the computational domain and the solution to (4.41), this
can be achieved by minimizing the pointwise maximum of the normal electric flux represented
by the functional
subject to volume or surface constraints.


(a) Initial coarse representation. (b) Constraints on the inner nodes.


Figure 4.26: Setting of the industrial optimization problem.


(a) Initial electrical field. (b) Electrical field on the optimized geometry.


Figure 4.27: Optimization of a high-voltage circuit disconnector.


Similar industrial shape optimization problems are often treated with gradient-free 
 opti-mization algorithms. Contrary to the optiopti-mization method presented above, where every node
 of the coarse mesh representing the subdivision surface defines a design parameter, the design
 is usually only represented by a handful of parameters. These may include certain lengths,
 widths, distances between objects, angles, etc., accompanied by a set of constraints ensuring
 that the resulting shape is feasible. This approach significantly reduces the dimension of the
 design space at the cost of more restricted shape variations. The global optimization methods
 employed include, e.g., the Multi-directional Direct Search (MDS) method [132], Particle Swarm
 Optimization (PSO) [79, 111], Evolution Strategy with Covariance Matrix Adaptation 
 (CMA-ES) [56], or Gaussian Random Field Metamodel assisted optimization methods (GRFM) [36],
 see also [19]. The indisputable advantage of these methods is that no gradient information is
 necessary. This avoids the lengthy analytical computation of the shape derivative as presented
 in Section 2.2.2, which has to be re-evaluated for every change of the state problem or the cost
 functional. On the other hand, the state problem usually has to be solved many times to explore
 the whole design space, which is computationally costly.


Our aim is to employ the proposed algorithm based on subdivision surface to the optimization
of the electrode. However, the non-smooth nature of theC(Γf) norm restricts the use of 


gradient-(a) Initial electrical field. (b) Electrical field on the optimized geometry.


Figure 4.28: Optimization of a high-voltage circuit disconnector (detailed view).


(a) Optimal shape designed by ABB. (b) Optimal shape found by the multiresoluion
 algorithm.


Figure 4.29: Comparison with the manufactured device.


init ℓ= 0


# 1 7


JL2(Γf) 1.00·100 6.18·10−1
 JC(Γf) 1.00·100 8.21·10−1


Table 4.18: History of normalizedL2 andC cost functionals (high-voltage circuit disconnector).


based algorithms. To overcome this issue one can approximate theC(Γf) norm by aLp(Γf) norm
 (the shape derivative for p ≥ 2 follows the derivation presented in Section 2.2.2). Specifically,
 we attempt to find a shape reducing (4.43) by minimizing the L2(Γf) norm based cost also
 considered in the previous examples, i.e.,


JL2(Γf)(V) := 1
 2














∂uV


∂nV


+g














2


L2((I+V)(Γf))


.


The function g from the previous formula is set to a constant based on the desired target
 flux on the electrode. To use the multiresolution algorithm we first need to replace the 
 to-be-optimized electrode by a coarse mesh representing the initial design parameters. In Figure 4.26a
 we show the free component represented by a hollow cylinder with 264 elements. Note that due
 to the topological structure of the component (torus), the mesh can be designed without any
 extraordinary vertices and thus the ansatz perturbations areC2 smooth in the limit. Geometric
 restrictions have to be specified for the control nodes lying in the inner surface due to a rod
 passing through the cylinder, see Figure 4.26b.


The subdivided mesh on the levelℓc= 1 with 1,056 elements is chosen for the BEM analysis
 (4.42). The contours of the normal flux on the initial shape of the to-be-optimized component are
 shown in Figures 4.27a, 4.28a with the value of theC(Γf) cost functional reachingJC(Γf)= 81.63
 withg= 30. After one-level optimization the cost is reduced by 17.90 % to JC(Γf)= 66.99. The
 optimized shapes are shown in Figures 4.27b, 4.28b. The normalized values of the L2(Γf) and
 C(Γf) cost functionals are summarized in Table 4.18.


In Figure 4.29 we show the comparison of the shape of the component as found by the
multiresolution algorithm and the device currently manufactured by ABB. The design from
Figure 4.29a has been obtained over the years by combining engineering intuition and shape
optimization based on parametric optimization by gradient-free methods listed above. The
similarities between the shapes are obvious, in particular notice the saddle-shaped ends of the
cylindrical electrode reducing the large normal flux at the sharp crease at the boundary of the
inner hole.
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