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Abstract 

A tool for unified simultaneous simulation of multiphysics 
problems based on Partial Element Equivalent Circuit (PEEC) 
method is presented. Extension of PEEC method with thermal 
and mechanical domains is based on circuit interpretation of 
Finite Difference (FD) and Finite Element Method (FEM) 
equations. Equations in FEM case are derived by Galerkin's 
residual method with basis functions of order zero or one. All 
steps of the process, from geometry description to netlist 
generation, are done with multiphysics PEEC (muphyPEEC) 
Toolbox for MATLAB. Solution of the problem is done with 
LTspice, where time- and frequency-domain simulations can be 
done. To demonstrate the approach, muphyPEEC is used to 
model and solve cooling of TO220 transistor mounted on flat 
plate heat sink and fin heat sink, and results are compared with 
IR (Infra Red) camera recordings. Electro-thermal microactuator 
is used as fully coupled problem example, and results are 
compared with those published elsewhere.  
Keywords: Partial Element Equivalent Circuit, PEEC, PEEC 
MATLAB Toolbox, Multiphysics PEEC, muphyPEEC, Flat Plate 
Heat Sink, Fin Heat Sink, Electro-Thermal Microactuator. 

1. Introduction 

Equivalent circuits are widely used in electrical 
engineering community as very efficient tool for analyzing 
and simulating problems of different physical nature. One 
tries to describe problem with components common to 
electric/electronic circuits [1], and to use typical circuit 
analysis and simulation tools, like members of SPICE 
(Simulation Program with Integrated Circuit Emphasis) 
family [2], [3], [4], [5], [6], [7], for obtaining results. 
Development of equivalent circuit requires deep 
knowledge of problem and expressing its behavior with a 
set of equations, algebraic, differential, or partial 

differential. After some approximations and based on 
similarities with equations for electric circuits, analogies 
are developed [8], [9], [10], where electric circuit 
components will represent components from other physical 
domains, while electric variables, currents and voltages, 
will represent variables of other physical domains. Request 
for reliable circuit behavior prediction, at ever increasing 
operation frequency range, extends beyond classical 
"circuit of electrical and electronic components" as 
sufficient description, and extension with geometry of 
connections itself [11], even with components construction 
geometry details, is becoming a must. Partial Element 
Equivalent Circuit (PEEC) [12], [13] method can handle 
these combined electromagnetic-circuit problems by 
developing equivalent circuit from geometry description, 
and combining them with other electric and electronic 
circuit components [14], [15], [16]. Circuit components 
and sources are sites for couplings with other physical 
domains, like thermal and mechanical. In single domain 
analysis circuit components are considered constant, and 
are calculated for some given operation point. If variability 
of components or of sources is highly dependent from 
physical variables, then it will be necessary to account this 
dependence during simulation. Influencing variables may 
be from the same physical domain, from other physical 
domains, and in general more than one physical domain 
may influence same circuit component. Since most solvers 
are designed and specialized for single domain, first 
approach is to use these solvers in their own field of 
expertise and create interface for exchanging results 
between them [17], [18]. Using results from other domains, 
each domain will recalculate component values for the new 
operation point. This process is iterated until steady state 
condition is reached in all physical domains for given time 
step. Other approach is unification of all physical domain 
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equations and solving them simultaneously. PEEC method 
has been selected as unification platform for solving 
coupled multiphysics problems. General approach is in 
developing partial element circuits for discretized 
structures for each physical domain and corresponding 
couplings between them. Equivalent circuit is obtained by 
circuit interpretation of equations obtained by finite 
difference (FD) or finite element methods (FEM). In FEM 
case Galerkin's residual method with basis functions of 
order zero or one is used, the one (with basis functions of 
order zero) used also for developing electromagnetic 
PEEC.  

2. Adding other Physical Domains to the 
PEEC Method  

PEEC method for electromagnetic problems [12], [13], 
defines the building block equivalent circuits for 
discretized current (volume) and potential (surface) cell. 
Whole model is created by connecting all building blocks 
for all cells present in a discretized structure. Current cell 
is represented with series connection of one resistor and 
one inductor connected between two neighboring nodes of 
discretized structure in each dimension direction. For one-
dimensional discretization (1D) cells are generated only in 
length direction. Two-dimensional discretizations (2D) 
have cells in two directions, usually one is length direction 
and other direction may be width or height. Three-
dimensional discretizations (3D) have cells in all three 
directions, length, width, and height. Potential cell is 
modeled with single capacitor from node to the ground 
(infinity). As standard part are inductive and capacitive 
couplings. Extension of PEEC method to other physical 
domains is done by defining multiphysics PEEC building 
block. This multiphysics block will have a number of 
single domain blocks, at least one for every domain of 
interest, and corresponding couplings. For given problem 
not necessarily all cells will include building blocks from 
all domains, and all possible couplings. If one physical 
domain interacts with other domain over limited space, 
with some approximations problems can be decoupled, 
leading to system level simulations with FEM (possibly 
single domain) applied only inside some blocks, while for 
others higher level or lumped description can be used. If 
discretization for different domains is done with different 
mesh sizes, multiphysics cell may contain one single 
domain block for coarsest discretized domain but may 
have many single domain blocks for finer discretized 
domains.  

3. Electromagnetic-Thermal PEEC Model  

Balance equation as a partial differential equation that 
governs unsteady state heat transfer problem [19] in solids 
is  
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with boundary conditions at each point of the surface S 
[20], [21] as a given temperature Tb (Dirichlet boundary 
condition) on ST part of the surface 
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a given flux Qb (Neumann boundary condition) on SQ part 
of the surface  
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or convection condition with the environment (Robin 
boundary condition) on SC part of the surface  
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where n is outward normal vector to the boundary, and Te 
is environment temperature. Material properties are 
represented by volumetric heat capacity cV, and by thermal 
conductivity coefficient κ. G represents all body sources of 
heat, with possibility of being dependent on space and time. 
Equations are solved for unknown temperature field T.  
 
Two classical methods for solving problem numerically are 
finite difference method (FDM) and finite element method 
(FEM). Both methods require discretization of three 
dimensional structures to a number of cells. FDM uses 
finite differences to approximate derivatives of balance 
and boundary conditions equations [22], [23], [24], [25]. 
For circuit interpretation only space derivatives are 
approximated with finite differences, while time 
derivatives are part of constructed equivalent circuit. 
Equivalent circuit for single discrete element (cell) is 
composed from one capacitance (thermal capacity), 
between node in the cell center and ground, and with 
resistors (thermal resistors), from this center node to each 
volume face [26], [27], [28]. FEM approach for solving 
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thermal problem usually uses some of weighted residual 
method, with Galerkin's residual method being particularly 
popular [29], [20], [19], and will result with semi-discrete 
matrix equation of form [30], [19], [31]  
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where matrix C is a symmetric thermal capacitance matrix, 
K is a symmetric thermal conductivity matrix, G is the 
thermal load vector [31], and T(t) is vector of nodal 
temperatures. Circuit interpretation comes directly by 
comparing them with modified nodal analysis equations 
[5], [4]. Matrix C can be interpreted as a circuit by self- 
and mutual-capacitors, Cii and Cij, [30], [32], matrix K by 
resistors between corresponding nodes [30], and vector G 
with current or voltage sources (ideal and real) [30]. In 
general case C matrix generated by FEM method is block-
diagonal, but often diagonal, or lumped, form is used [33], 
[19], although it is not unconditionally stable.  
 
Electromagnetic PEEC method is derived by using 
constant basis functions (0th-order or pulse functions) for 
developing unknown fields over discretized structure, and 
as Galerkin weighting functions [12], [13], with procedures 
similar to FEM, with final circuit interpretation of space-
discretized equations. FEM thermal model follows similar 
pathway. Structure discretization for one domain, in 
general, can be different from discretization for other one. 
Discretization for electromagnetic domain is twofold, into 
volume current cells and surface potential cells. Volume 
cells for each dimension lies between two neighboring 
nodes of same dimension, whereas one potential cell is 
attached to each surface node. Discretization for thermal 
domain will have one volume cell per each volume node, 
with node being in the center of adopted trial basis 
function. Relation between these two discretizations will 
lead to different number of cells and computational 
requirements during simulation. Fig. 1 shows four possible 
arrangements for 2-dimensional (2D) discretization. In Fig. 
1(a) nodes of two discretizations overlap, with total of 
(s+1)·(w+1) thermal cells, where s and w is number of 
current cells in length and width direction. In this 
configuration four electrical resistors contribute to heat 
generation inside single cell, each with half of its 
dissipated power. Nodes on edges and on corners have 
three and two electrical resistors, correspondingly, that 
contribute to heat generation. For clarity current cells are 
made thinner in one from two dimensions, and with normal 
size  spanning to midway between nodes.  

 

Fig. 1  Arrangements between 2D electrical and thermal discretizations: 
(a) Overlapped nodes, (b) Thermal cell between four electrical nodes, (c) 
Thermal cell coincides with electrical current cell in length direction, (d) 

Thermal cell coincides with electrical current cell in width direction. 
Electric current cells are made thinner in one from two dimensions for 

clearer view. Green current cells are in length direction (s), and red 
current cells are in width direction (w). Parts of current cells (resistors) 
that contribute to heat generation for given thermal cell (dashed blue 

line) are highlighted.  

Part of resistor that contributes to heat generation inside 
cell is highlighted. Configuration in Fig. 1(b) has thermal 
cells situated between for electrical nodes, with total of s·w 
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thermal cells. Thermal node is in middle of thermal cell. 
This configuration is typical for FDM. Two other cases 
from Fig. 1, (c) and (d), have preferred direction for 
thermal cell alignment, in length or width direction of 
electrical current cells. Last two cases for 1D discretization 
would have one-to-one correspondence between electrical 
current cell and thermal cell. Similar configurations can be 
developed for 3D discretization. Fig. 2 shows only case 
with overlapped nodes with (s+1)·(w+1)·(h+1) thermal 

cells, h is number of current cells in height direction. Six 
electrical resistors will contribute to heat generation inside 
internal cell. Electromagnetic PEEC cell and equivalent 
circuits for thermal model can be combined by taking into 
account couplings that may exist between two domains to 
create electromagnetic-thermal PEEC model. Couplings in 
this case include only direct influences of one domain to 
the other. Fist influence is from electric domain to the 
thermal one by heat generated from resistive power losses, 
and will be distributed over volume where current flows. It 
will be modeled as heat generating current source in 
thermal equivalent circuit, dependent from power losses in 
all resistors (or parts of resistors) inside thermal cell. In 
spice like simulators it will be a B-source type, i.e. 
arbitrary behavioral current source [4], [6], [7]. Second 
direct influence is from thermal domain to electric one 
through temperature dependent electric circuit components. 
Since temperature is modeled with voltage, they would be 
voltage dependent resistors [6], [35], voltage dependent 
capacitors [27], [35], [36], and voltage dependent 
inductors [6], [35], [36]. 
 

 

Fig. 2  Arrangements between 3D electrical and thermal discretizations 
with overlapped nodes. Electric current cells are made thinner in two 

from three dimensions for clearer view.  

 

Fig. 3 2D PEEC model for part of a conductor cells with coupled 
electromagnetic-thermal interactions.  

In the strict sense, indirect influences mediated by other 
domains, ex. thermally induced mechanical deformations, 
are not included here. 2D PEEC model for part of a 
conductor cells with coupled electromagnetic-thermal 
interactions is given in Fig. 3. Capacitive and inductive 
couplings present in standard electromagnetic PEEC model 
[12], [13], [15], are not shown in this figure. Part of 
thermal PEEC model corresponds to FEM type with 0th 
order basis functions, and is similar to FDM with 
difference only in peripheral cells circuit model [26]. 
Three types of boundary conditions are shown at the 
bottom of Fig. 3. Any boundary condition can be applied 
to any peripheral node. Parts of the thermal model without 
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internal heat generation inside corresponding thermal cells 
will miss current sources 
 
Depending on the problem to be analyzed, model can be 
made simpler by removing circuit components, electric or 
thermal, and influences. Ex. for magneto-quasi-static and 
stationary currents problems simplified [R, L] electric 
model can be used [13], [15], where capacitors, capacitive 
couplings, and retardation is ignored. Or, if only steady-
state temperature field is of interest, thermal capacities can 
be ignored. For problems with very low electric power 
losses, influence of electric domain to thermal domain can 
be ignored, but temperature influence on electric domain 
will be accounted for. In other cases temperature 
dependence of electric components can be ignored, but 
heating from electric power losses will be modeled.  

4. Mechanical PEEC Model  

By applying FEM to partial differential equations which 
describes the behavior of elastic body, a second order 
matrix differential equations is obtained [21] 
 

Bu(t)Kx(t)(t)xC(t)xM   ,   (7) 

 
where M is mass matrix, C is damping matrix, and K is 
stiffness matrix. Bu(t) is the load vector and x(t) is 
unknown vector to be found with a number of degrees of 
freedom. If x(t) is made analogous to electric charge q(t), 
M matrix will be implemented with inductors, C matrix 
with resistors, and K matrix will be implemented with 
capacitors [8], [10]. Load vector will be implemented with 
voltage generators.  

5. muphyPEEC Toolbox  

To solve coupled multi-domain (multiphysics) problems 
with PEEC method, MATLAB PEEC toolbox [16], [15], 
has been extended with functions for handling additional 
domains, and multiphysics Partial Element Equivalent 
Circuit toolbox for MATLAB is created (muphyPEEC). 
Flow-diagram is similar to one described in [16], but steps 
for meshing, partial elements calculation, and LTspice 
netlist generation (for other domains Multisim compatible 
netlist generation is not supported any more) are done for 
all requested domains (electromagnetic, thermal, and 
mechanical). Meshing can be of different resolution for all 
domains, controlled globally or element-wise. Domain 
affiliation can also be controlled globally or element-wise. 
Separate netlist file is generated for each domain. They all 
have to be included in LTspice, where lumped circuit 
components are added, boundary conditions are set to 

required test conditions, and specific vales are given to 
parametric quantities, like material thermal conductivity, 
or material elasticity. Any experiment with new conditions 
in LTspice environment doesn't need regeneration of 
netlist files. If specific conditions are nedeed, even direct 
editing of netlist files can be done. Node and partial 
element naming makes this process easier, and less likely 
prone to errors. Calculation of partial elements for other 
domains is done locally without calling any external 
application, like was done for electromagnetic domain 
when FastCap2 and FastHenry2 were called. Calculation 
of view factors for radiative heat transfer is not covered yet, 
but if values for them are known they can be included in 
simulation as radiative boundary condition.  

6 Simulation Examples  

To demonstrate applicability of multiphysics PEEC to 
solve problems with coupled physical domains three 
examples has been selected and solved. In some cases 
results were compared with recordings with infra-red (IR) 
camera, in other results were compared with those 
published elsewhere. All circuit simulations were done in 
LTspice.  

6.1 Flat plate heat sink with asymmetrically mounted 
transistor in TO220 case  

Cooling high-power semiconductor devices is necessity for 
keeping device junction below maximum allowable 
working temperature. Heat sinks are used for dissipating 
into surrounding medium. Flat plate heat sinks are used for 
cooling lower range of power devices, and often using 
already existing metallic plates, ex. equipment cases. This 
example is about cooling transistor BDX53C in TO220 
case. Cooler is flat Aluminium plate with dimensions 
115mm in length, 35mm wide, and 3mm thick. Transistor 
is mounted asymmetrically at position 35mm from one 
edge as shown in Fig. 4.  
 

 

Fig. 4  Aluminium flat plate heat sink with dimensions 115mm long, 
35mm wide, and 3mm thick. Transistor BDX53C in TO220 cases was 

mounted asymmetrically.  
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Test circuit connects transistor as short-circuited constant 
current source. Collector-emitter voltage was VCE=9.96V 
and emitter current was IC=1.85A (neglecting dissipated 
power of base-emitter circuit), resulting in power 
dissipation of P=VCE· IC=18.426W. Environment 
temperature was 31.43ºC, and no forced convection was 

used. Transistor was switched on at t=0s for duration of 
90s. Heating phase was recorded with IR camera every 10s, 
and recording continued during cooling phase until 300s. 
Fig. 5 shows two measurements, first one is 50 seconds 
after transistor (heating) was switched on, and second one 
210 seconds after transistor (heating) was switched off. 
Measurements were done with Fluke Ti25 IR camera [37]. 
Temperature of encircled part was recorded and plotted in 
Fig. 6(a), whereas simulation results with muphyPEEC are 
plotted in Fig. 6(b).  
 

 

Fig. 5  IR camera recordings for flat plate heat sink with transistor 
BDX53C in TO220 cases: (a) Picture taken 50 seconds after transistor 
(heating) was switched on, gray color over transistor position signifies 
that temperature has excided maximum of selected range 65.0 [ºC], (b) 
Picture taken 210 seconds after transistor (heating) was switched off.  

 

Fig. 6  Temperature of encircled point on flat plate heat sink: (a) 
Recordings from IR camera, (b) Simulation results with muphyPEEC.  

To simulate the problem with muphyPEEC Toolbox as 
first step is to describe problem geometry according to 
wire-based language [16], [15]. Language has been 
extended with additional variables (global and local) and 
with instructions for defining boundary conditions. 
Defined geometry after meshing is shown in Fig. 7. 
Meshing for all domains is done with same function 
GD2GDmesh with requested resolution, which in general 
can be different for each domain. For this example only 
thermal meshing is requested, by setting global variables  
 

 

Fig. 7  Meshed geometry for flat plate with TO220 case.  
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th_m=1 (default values is 0) for thermal meshing and 
el_m=0 (default value is 1) for disabling electromagnetic 
meshing. Calculation of partial elements and netlist 
generation with thermal PEEC model is done with function 
GDmesh2Thermal. Generated netlist will be included into 
LTspice, where simulation conditions and parameters will 
be defined, Fig. 8. It can be noticed usage of .include 
directive for inclusion of thermal PEEC netlist into 
LTspice environment. Thermal parameters are defined 
with .params directive. If simulation is to be done with 
known thermal (same holds for other domains) parameters, 
they can be given in *.gd file, and then there is no need for 
using parameter definition lines in LTspice. As a 
consequence, if some parameter needs to be changed, all 
steps will have to be repeated. Voltage source V2 sets the 
environment temperature Ta for natural convection, and 
V3 sets the thermal reference temperature N0th, zero in 
this case. I1 models heat generated at transistor junction. 
Since save LTspice directive was not used all circuit 
quantities (node voltages and branch currents) will be 
saved in *.raw file. This slows down simulation process 
and *.raw files can grow quite large. By adding save 
directive only listed quantities will be saved. Simulation 
lasted 37 seconds when "Alternate" solver was used, 
without save directive, and independent of integration 
method.  
 

 

Fig. 8  LTspice circuit for solving problem for flat plate and BDX53C 
transistor in TO220 case mounted on it.  

 

Fig. 9  Simulated temperature on different points of TO220 case and flat 
plate heat sink.  

With save directive (5 node voltages were stored) 
simulation time went down to 22 seconds. Size of *.raw 
file was 15.9 MB (megabytes) in first case and 1.98 kB 
(kilobytes) in second. When "Normal" solver was used 
simulation lasted 27 seconds without save directive and 14 
seconds with. Fig. 9 shows temperature from junction, 
through body and isolator, to heat sink cell under, then heat 
sink cell under the top of the TO220 fixing tab, and 
horizontally through encircled point till the edge of the 
heat sink.  

6.2 Fin heat sink with transistor in TO220 case  

Second example for testing muphyPEEC in thermal 
domain is transistor BDX53C in TO220 cases mounted on 
fin heat sink with natural convection shown in Fig. 10. 
Figure shows three projections of heat sink with 
dimensions: side view, top view, and front view. Two IR 
camera recordings are given in Fig. 11, where (a) photo is 
during heating phase and (b) photo is during cooling. 
Heating started at 21:01:00 (time marked on IR photos) 
and was stopped at 21:16:00. Recordings were done during 
1500 seconds, with 900 seconds heating period. Transistor 
power dissipation was P=12.876W. Environment 
temperature was 27.8ºC. Geometry was meshed for 
thermal domain only, Fig. 12. IR recorded temperature at 
measurement point during 1500 seconds, and simulation 
results can be seen in Fig. 13. From figure it can be seen 
that heating phase has very good match with measurements, 
but cooling in simulation is more intense than in 
measurements, caused by uniform convection coefficient 
over entire heat sink surface. For reference, simulation 
junction temperature was included in Fig. 13(b).  
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Fig. 10  Aluminium fin heat sink with transistor BDX53C in TO220 
cases (a) Side view, (b) Top view, (c) Front view with circle marking the 

measure point for IR camera.  

 

Fig. 11  IR camera recordings for fin heat sink with transistor BDX53C 
in TO220 cases: (a) Picture taken during heating phase, 570 seconds 

after heating started, (b) Picture taken during cooling phase, 135 seconds 
after heating was stopped.  

 

 

Fig. 12  Meshed geometry for fin heat sink with BDX53C transistor in 
TO220 cases.  
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Fig. 13  Temperature of IR measurement point on fin heat sink: (a) 
Recordings from IR camera, (b) Simulation results with muphyPEEC.  

6.3 Electro-thermal microactuator  

Relative change in solid dimensions induced by 
temperature change is small, but with proper design and 
construction it can be used effectively for sensing and 
actuating [38], [39]. Thermal microactuators have 
advantage of generating high force with low voltages [40]. 
They can be constructed from two materials, like well 
known bimetalic constructions, or by using single material 
[41], [42]. Couplings between three domains are present in 
these actuators: electric, thermal, and mechanical. 
Approach used for analyzing single material (polysilicon) 
electro-thermal microactuators in [43] was fully coupled 
electro-thermal analyses, and after steady-state temperature 
field has been reached, elastic boundary value problem is 
solved. [17] used Matlab for thermal response and ANSYS 
[44] for structural response. Multiphysics approach was 
used in [45].  

 

Fig. 14  Meshed Geometry for electro-thermal microactuator D2 from 
[43] in front view.  

 

 

Fig. 15  Meshed Geometry for electro-thermal microactuator D3 from 
[43].   

 
Simultaneous solution of three coupled electro-thermal-
mechanical domains for electro-thermal microactuator 
(ETMA) D2 from [43] is used for third example for 
muphyPEEC. Same platform can be used for time- and 
frequency-domain response, so dynamic performance can 
be estimated [46]. Fig. 14 shows geometry of the ETMA 
D2, and Fig. 15 shows geometry of the ETMA D3 from 
[43]. Calculation of partial elements and netlist generation 
with thermal PEEC model is done with function 
GDmesh2Thermal, whereas for mechanical PEEC model 
it is done with function GDmesh2Mechanical. Three 
generated netlists are included into LTspice for 
simultaneous simulation. Thermal and mechanical circuit 
components are considered constant. Environment 
temperature is imposed as boundary condition at the device 
anchors. Convection heat transfer coefficients were 
considered constant for whole device. Radiation heat 
transfer has not been taken into account. Deflection of 
rightmost-top mechanical node of Hot-Arm in function of 
ETMA input voltage is shown in Fig. 16, for coefficient  
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Fig. 16  Deflection of rightmost-top mechanical node (Nm0505020201) 
of Hot-Arm for electro-thermal microactuator D2 from [43] in function 

of input voltage from 0[V] to 20[V].  

of thermal expansion α=4.099 [μm m
-1 K-1], thermal 

conductivity σth=40 [W m-1 K-1], and convective heat 
transfer coefficient σc=80 [W m-2 K-1]. Deflection at 19 [V] 
input was 47.2 [μm], as compared to around 40.5 [μm] in 
Fig. 5(a) of [43]. Table 1 summarizes this deflection as 
function of convective heat transfer coefficient.  

Table 1: Electro-thermal microactuator deflection as function of 
convective heat transfer coefficient 

Convective heat 
transfer coefficient σc 

[W m-2 K-1] 

Deflection @19[V] 

[μm] 

0 48.56 

10 48.70 

20 48.79 

30 48.84 

40 48.57 

50 48.30 

60 47.98 

70 47.60 

80 47.20 

90 46.77 

100 46.32 

 
It can be seen that deflection changes less than 5% for 
given range of values, but it has considerable influence in 
arms working temperature and limit for highest operating 
voltage. Table 2 summarizes ETMA deflection as function 
of material thermal conductivity for range of values given 
in Table 5 of [43], and considerable influence is noticeable, 
from around 71.7 [μm] to 13.0 [μm]. Wide range of 
variability on these parameters suggests that they  
 

Table 2: Electro-thermal microactuator deflection as function of material 
thermal conductivity 

Material thermal 
conductivity σt           

[W m-1 K-1] 

Deflection @19[V] 

[μm] 

25.1 71.66 

26.1 69.30 

27.2 68.86 

28.2 64.79 

31.4 58.91 

34.5 54.10 

37.6 49.99 

40.0 47.20 

41.8 45.29 

49.2 38.79 

57.5 33.35 

73.2 26.28 

98.3 19.53 

146.4 13.02 

 
can not be treated as constants, and temperature 
dependence for these parameters has to be implemented.  
 
Frequency response of the structure is given in Fig. 17. 
Since problem is nonlinear, frequency response is 
 

 

Fig. 17  Frequency response of electro-thermal microactuator at 5 [V] 
operating point under 1 [V] sinusoidal excitation: (a) Frequency response 

for the Hot-Arm temperature, the Cold-Arm temperature, and for  the 
temperature difference, with Volt unit equivalent to ºC. (b) Frequency 

response for deflection, with Volt unit equivalent to μm.  
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dependent on selected operation point and on amplitude of 
sinusoidal excitation. Response in figure is at 5 [V] 
operation point and 1 [V] for amplitude of excitation. To 
record frequency response of PEEC model, first parameter 
is given as "DC offset" of sinusoidal source, and second 
parameters is given as "AC amplitude".  

7. Conclusions 

Extension of Partial Element Equivalent Circuit (PEEC) 
method with possibility of solving other physical domains 
has been presented. Extension is generally based in circuit 
interpretation of Finite Difference (FD) or Finite Element 
Method (FEM) equations. For one multiphysics cell PEEC 
building block will be composed from as many single 
domain building block as accounted physical domains, 
plus couplings between some or all single domain blocks. 
Couplings are through components or sources of one 
domain block dependent on variables of other domain 
block. Dependence can be also from the same physical 
domain variables, leading to single domain nonlinear 
PEEC models. Discretization for each domain can be 
different. In this case one block from one domain may be 
dependent from many blocks from other domain and vice 
versa. All steps from geometry description to netlist 
generation for all domains are done in MATLAB with 
muphyPEEC Toolbox. Solution of the problem in time- or 
frequency-domain is done with LTspice. Thermal (with no 
radiative heat transfer) and mechanical domains generate 
system matrixes that are block diagonal and sparse, 
contrary to fully coupled electromagnetic domain, and they 
can be solved very efficiently with Spice solvers, since 
they are optimized specifically for solving sparse systems. 
Efficiency of muphyPEEC to solve coupled electro-
thermal problems is demonstrated with examples and 
results are compared with IR (Infra Red) camera 
recordings. Cooling phase of fin heat sink suggests that 
with complex geometries convection heat transfer needs 
more detailed treatment. When couplings between domains 
are in limited space, it would be possible to approximate 
problem with decoupled blocks, leading to system level 
simulations. Fully coupled simulations of electro-thermal 
microactuator could predict deflection in function of input 
voltage, but it shows high sensitivity to variability of 
material thermal properties from temperature, and for 
accurate behavior prediction they must be accounted for. 
Spice family of circuit solvers offer frequency-domain 
analysis as standard simulation mode, but when it is used 
to nonlinear systems, like electro-thermal microactuator, 
results will depend on operation point (that must be 
properly set up), and also on the amplitude of excitation 
signal.  
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