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Abstract

We propose the use of parametric model reduction for
fast simulation of cyclic voltammograms. The model for a
cyclic voltammogram is treated as a system with a
parameter (applied voltage) to be preserved during model
reduction. The voltage is preserved in the symbolic form
during model reduction and we can accurately simulate
the cyclic voltammograms with a reduced system by
spending much less time and memory as compared with
direct simulation based on the original large-scale model.

1. Introduction

Model order reduction allows us to find an accurate
low-dimensional approximation for a high-dimensional
system of ordinary differential equations (ODEs) obtained
after the discretization in space by the finite element
method [1][2]. A formal and computationally efficient
procedure based on the Arnoldi algorithm takes as input
the system of ODE:s in the form

Edx/dt + Kx =bu (N
with a state vector X and convert it to a similar system
Ed7 /dt + Kz = bu )

that, however, has much smaller dimension of the state
vector Z .

In many engineering applications, the matrix K
depends on parameters that should be preserved in the
symbolic form. For example, these are film coefficients
[3] in simulation of a thermal problem and the flow
velocity in simulation of an anemometer [4]. In order to
treat these important cases, conventional model reduction
should be extended to parametric model reduction.

In our paper we present an application of parametric
model reduction to scanning electrochemical microscopy
(SECM) [5]. In the next section, we construct a
mathematical model for SECM that after discretization in
space produces a high-dimensional ODE system. Then we
introduce the parametric model reduction technique in
section 3 and discuss how it can be applied to the SECM
model in section 4. In section 5, the simulation results are
presented. Finally, we give conclusions.

2. Case study

We consider a cylindrical electrode operating in the
feedback mode of SECM as shown in Figure 1. The
computation domain under a 2D-axisymmetrical
approximation includes the electrolyte under the
electrode. We assume that the concentration does not
depend on the rotation angle. A single chemical reaction
takes place on the electrode:
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According to the theory of SECM [6], the species
transport in the electrolyte is described by diffusion only.
The diffusion partial differential equations are given by
Fick’s second law as follows

de,/dt =D, -V’c, 4

de,/dt =D, -V’c, ()

The Buttler-Volmer equation has been used to describe
the reaction rate on clectrode surfaces for the chemical
reaction (3)

j = kOx 'C()x _kRed.CRed (6)
The reaction constants for the forward reaction and the

backward reaction are given as follows
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where k° is the heterogeneous standard rate constant, and
a=0.5 is an empirical transmission factor for a
heterogeneous reaction. F is the Faraday-constant, R is
the gas constant, T is the temperature and n is the number
of exchanged electrons per reaction. This allows us to
write the boundary conditions at the electrode as follows:

Ve, -ii=j and Ve, 7i=-j )

ky = kgeq = koe(

The control volume method has been used for the
spatial discretization of the equations above. The resulting
system of ordinary differential equations is as follows

Edc /dt+ K{U(t)}¢c =b,c(0)=c, =0 (10)
where E and K{U(?)} are system matrices, ¢ € R"is the

vector of unknown concentrations. R” means that there
are n elements in the vector ¢ and » is usually referred to
as the dimension of the system (10). The vector b is the
load vector, which arises as a consequence of the
Dirichlet boundary conditions imposed at the bulk of the
electrolyte.

There are two important differences between Eq (10)
and (1). First, the matrix K depends on the voltage that in
turn depends on time in the simulation of a cyclic
voltammogram. This feature must be preserved in the
reduced model. Second, the initial condition of the system
is always nonzero in our case, i.e. ¢, = 0.



3. Parametric model reduction
The theory of model reduction is based on the use of

the Laplace transform of Eq (1):
(sE+K)x =bu

y=cx

(11

where s is the Laplace variable, x is the Laplace transform
of the vector X and y is the output: a linear
transformation of the state vector that produces a desired
observation.

The first parametric model reduction method in [7]
deals with a two-parameter system that extends the
previous equation as follows

($,E, +8,E, —E))x=bu

y=cx

(12)

In addition to the Laplace variable s, the authors
assumed that the system matrix K depends on its own
parameter, K = s5,E, — E, that they wanted to preserve
in the symbolic form.

They derived the reduced model as

(SIE1 + S2EZ - Eo)z = bu

y=¢z

(13)

where
E =V'EV,E,=V"E,V,E, =V EYV,b=V"b,é=cV
and the projection matrix V' is computed based on the
parameter transfer function of (12)
h(s,,s,) =c(s,E, +s,E, —E,)"'b (14)

h(s,,s,) was expanded into doubled series of both s and
Sy

h(s,,s,)=-cll - (Eo_lElsl + Eo_lEzsz)]_lEo_lb

= —62 (E)'E,s, + E;'Es,) E;'b
i _CZZ[FIé, (Eo_lEl’Eo_lEz)Slj_ksg]Eo_lb

7=0 k=

where F/ is the matrix before s/7*s. . For example,
Fol = E(;leFll = E(J_1E2’F02 = (Eo_lEl)2
F]2 = (E(;IEl )(E(;]Ez) + (E(;lEz)(E(;IEl)

(15)

Fy =(Ey'E,)",

The moments of the transfer function with respect to the
two parameters are

_Cij(EO_lEl’EO_lEZ)EO_lb (16)

The projection matrix V' is computed based on the
moments in (16), that is

Joom
colspan{lV'} = span{UUFk’" (E,'E,,E,'E))E,”"by (17)

m=0k=0

Theorem 4 in Ref [4] proves that

cF"(P™'E,,P"'E,)P"'b = ¢F" (P™'E,,P"'E,)P™'b,
O<sk=ms=j+1
and this guarantees the accuracy of the reduced model.
This method was extended to systems with more than

two parameters in Ref [8], where the linear system with p
parameters was defined as

($,E, +8,E, -+, E, —E))x =bu

y=cx

(18)

Since ¢ does not contribute to the projection matrix V, the
series expansion of only vector x instead of the transfer
function is considered in [8]. From (18), we have

x=—[I-(s,E)'E, +--+ spEO’lEp)]"Eo"bu
= —E[SIEO_IEI +o45, B E " Ey'bu

m=(ky+--+k,) m=k,

kya=0 ;,,=o
kp

-1 -1 m=(ky+--+k,) k,
[Fk,:,«ukp (Ey Ey,-- E, Ep)bu]sl sy S,

m=0 2=0

where F”  1is defined similarly to (15).

The projection matrix ¥ is constructed by the terms in the
series above, that is

m, m=(k,++ks) m—k,

colspan(V') = span{U U U Fl o, E;'b} (18)

m=0 k=0 kyp1=0k,=0
We can expand (18) to show it more clear:
colspan(V') = span{E;'b,(E;'E,)E;'b,(E; E,)Ey'b-++,
(E5'E,)E;'b,(E5'E\) Eq'b,
[(E5'EE;'Ey) +(Ef E,)(EF ENEG b, -,
[(E5'E\NEFE,)+(Eg'E, + EJ'E))E; b,
(E'E,) E;'b,I(E; E(ES Ey) +
(E; E)E; EIE; b, [(E; E))(E;'E,)
+(E;'E NE; E)IES'b,+ (ES'E,)" E'b}
In Ref [8], there is a similar theorem that can prove
that the moments included in (18) are the same for the

reduced model. In the next section, we will show how this
method can be applied to the model from section 2.

4. Parametric model reduction for the SECM model
For the SECM model in (11), the system matrix K

depends on the voltage that plays the role of the input

function, that is, it changes in time. According to the

SECM theory, we can express this dependence as follows

K=G+sD, +s,D,
where G, D,, D,are constant matrices and s, and s, are
the functions of the voltage applied on the electrode

s =e"", s(n=e""

with u(r) = v(r) - v, were vy, is the reference voltage.



As result, the system (11) can be re-written into the
following form:

Edc /dt + GT + (D, + s,D,)¢ =b (19)
where the two scalar functions s (7),s,(r) are considered
as parameters.

The next problem is that the initial condition of system
(11) is not equal to a zero vector, ¢, = 0. The Laplace
transformation for (19) produces

(SE + 5,D, + 5,D, + G)x(s) = bu(s) + E¢, (20)
where x(s) is the Laplace transformation of ¢ . Eq (20) is
different from (17) with p=3. This means that (18) cannot

be used yet to construct the projection matrix based on
(20). However, we can first do a vector transformation on

(19) by ¢ =¢ - ¢, and obtain a new system in respect to
¢ 9]
Edc /dt + GE + (s,D, + 5,D,)¢ =
b+ Gcy + s,Dc, + s,D,C,

20

For the new system, the initial condition is exactly zero,

¢, =¢,—C, =0. After the Laplace transformation, (21)
becomes,

SEx(s) + Gx(s) + (5,D, + 5,D,)x(s)

= Eu(s)
with b = b + G, + 5D, + 5,D,¢,-
Eq (22) is now similar to (17), except that the vector b in
(17) does not depend on parameters while the vector b
depends on two parameters. However, it is relatively easy
to deal with this by comparison of the right sides in (18)
and (22). In (18), the vector b is one of the base vectors to
span the subspace for matrix ¥, and in (22) the vector b
should play the same role as b. The vector b is actually
the linear combination of three vectors,
(b+Gé,),Dc,,D,c,, so that when we construct the
projection matrix ¥ according to (18), we replace the
vector b in (18) by the three vectors above, that is, by a
matrix B =(b+ G¢,,Dc,,D,c,) so that it is independent of
the parameters. We construct the projection matrix V for
(22) according to (18) as

colspan(V') = span{G™'B,(G'E)G™'B,(G™'D,)G™'B,---,
(G'D,)G"'B,(G'E)’G™'B,[(G'E)G™'D,) +
(G'D))G'E)G™B,---,[(GTEXG™'D,) +

(G'D, +G'E)IG'B,(G"'D,)’G"'B,---,(G'D,)’ G"'B}

(22)

The reduced model is of the form
Edz/dt + Gz + (5D, + s,D,)z = b (23)
where,

E=V'EV,G=V'GV,D, =V'DV,

D,=V'DV,b=V"b.

After obtaining the solution z in (23), we can return
back to the solution ¢ in (21) by ¢ = Vz, and the original
solution ¢ in (11) can be computed by ¢ = ¢ + ¢, -

In the next section, we will show the efficiency of
parametric model reduction for the simulation of the
voltammogram by means of numerical experiments.

5. Simulation results

The discretization of the SECM device shown in Fig. 1
resulted in a system of ordinary differential equations (10)
with the dimension of the state vector equal to 16912. The
method described in the previous section produced a
reduced model with dimension 202.

Figure 2 to Figure 5 show the simulation results of the
original and reduced models. The voltage had a triangular
waveform:

u=u+ at, 0<t<tum
u=u-at, t, <t<tu0

The figures display the current as a function of voltage
(not in time) as this is the usual way to represent
voltammograms. The solid line is the result computed by
full simulation of the original large model, the dashed line
is the result computed by the small reduced model. The
results of the reduced model are accurate for a wide range
of the dynamic behavior when the value of du/dt changes
by three orders of magnitude (0.0005-0.5).

Axis of symmetry

Figure 1: The computational unit.
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Figure 2: Simulation results of the cyclic
voltammogram when du/dt = 0.5,
5 ‘ .
— full simulation n=16512
---- reduced order 202
A k
3 L
=
o
s 2r
[&]
;
0
= 05 : 05
: Voltag% uit) :
Figure 3: Simulation results of the cyclic
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Figure 4: Simulation results of the cyclic
voltammogram when du /dt = £0.005.

0.5 B
o — full simulation n=16212
---- reduced order g=202
-05 .
-1 05 05 1

voltage CL]J(I}
Figure 5: Simulation results of the cyclic
voltammogram when du /dt = £0.0005.

6. Conclusions

We have introduced in our paper a new parametric model
order reduction technique in order to make a compact
model for scanning electrochemical microscopy. The
parametric model order reduction preserved the
parameters in the original model into the reduced small
model in the symbolic form so that the reduced small
model can replace the original large model in simulation
even when the values of the parameters change. At the
same time, the reduced model produces solutions as
accurate as the solution computed directly from the
original large model. Even though the dynamic model for
SECM is a time varying system, when we make use of the
special structure of the system matrices, we can consider
it as a parametric system. Therefore the parametric model
order reduction technique can be employed to obtain a
reduced small model of this system that reproduces the
original system with good accuracy.
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