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Abstract—Transcutaneous energy transmission (TET) 
systems have been a topic of intense research. Such systems 
play an important role in offering the opportunity to 
provide power to implantable biomedical devices through 
wireless power transmission. It eliminates the serious 
infection risk associated with direct cable connections 
through the skin. Proper performance of the TET system 
requires optimization of their electronic component 
parameters. In this paper, an optimization model is 
proposed for the preliminary design for two compensated 
capacitance and two coil inductance. The objective is the 
power transfer capability of the system. The design 
variables include the primary and secondary coil 
inductance. The constrained conditions are peak over-
voltage, peak withstand current of the system electronic 
components and bifurcation phenomenon. This model 
provides a new and useful tool for determining the 
compensated capacitance and coil inductance of the TET 
system. The theoretical analysis is verified by simulated and 
experimental results. The maximum power transfer 
capability can be achieved through the optimization 
solutions in steady-state.   
 
Index Terms—transcutaneous energy transmission (TET) 
system, power transfer capability, interior point algorithm, 
biomedical implantable devices 
 

I.  INTRODUCTION 

The transcutaneous energy transmission (TET) 
systems are designed to deliver power from an in vitro 
primary source to an in vivo implantable device through 
a dermal skin layer via time-varying electromagnetic 
fields [1]-[8]. It eliminates the serious risk of infection 
associated with a direct cable connection through the 
skin, an advantage recognized decades ago. In the 1960s, 
John C. Schuder’s group from the University of Missouri 
began to study inductive coupled-radio frequency 
systems for artificial hearts [2]. For different implanted 
artificial organ application areas, Guozheng Yan’s group 
from China has performed many experiments on using 
the TET system for an artificial anal sphincter [3]. 
Qianhong Chen’s group from the Hong Kong 
Polytechnic University has carried out research into 
remote energy transfer for an artificial heart [4].  

A typical TET system is illustrated in Figure 1. The 
electromagnetic field generated by the in vitro part of the 
TET system and produces an induced voltage in the in 
vivo part of the TET system, then used to charge the 
biomedical implantable device. 
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Figure 1.  The schematic of the TET system. 

Due to a large winding separation, the TET system has 
relatively large leakage inductance, reduced magnetizing 
flux, and the mutual coupling is generally weak. 
Compensation for loose coupling can be achieved 
through the use of resonance circuits which enable the 
boosting of voltage or current in the secondary to usable 
levels. Consequently, the inductance and the capacitance 
values of the primary and secondary windings need to be 
optimized to achieve maximum power transfer capability. 
Therefore, a specific optimization model should be 
devised for them. 

Design optimization of the TET system has been 
studied extensively. First, several optimization methods 
have been proposed to increase the power transfer 
capacity. Wu H. H. has presented an optimal tuning 
capacitor values to maximize the power transfer 
capability. The maximum power transfer capacity greater 
than the traditional method. However, the author did not 
offer the design method of inductance value [5]. Second, 
the optimal number of secondary coil winding turns has 
been proposed in [6] for the highest efficiency under the 
nominal load and operating frequency; Stanimir 
Valtchev has proposed a novel method for modeling and 
analysis of the series loaded series resonant power 
converters which is a better choice for loosely coupled 
transformer, and then optimizing it for the best possible 
efficiency [7]. 
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The researchers mentioned above have performed a 
great deal of work on TET systems that provide power to 
biomedical implantable devices. Unfortunately, these 
studies do not include a general method for selecting the 
optimal matching parameters of inductance and 
capacitance in the resonant circuits used for achieving 
maximum power transfer capability. 

This study has focused on a general design that 
determines the optimal matching parameters of 
capacitance and inductance values for a TET system to 
achieve maximum power transfer. In order to achieve 
this goal, the mutual inductance coupling model and its 
equivalent parameters commonly used in TET system 
design have been introduced in Section II. In Section III, 
the optimization model of the TET system is analyzed in 
detail. In Section IV, the simulation and experimental 
verification is presented. Finally, conclusions are 
summarized in Section V. 

II.  ELECTRICAL MODEL OF THE TET SYSTEM 

A.  Mutual inductance coupling model 
The TET system discussed here transfers power 

through two independent mutually coupled coils, which 
are being separated by human skin. The N-MOSFET 
(Negative-Channel Metal-Oxide- Semiconductor Field-
Effect Transistor) H-bridge inverter is chosen as the 
power driving circuit.  
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Figure 2.  Mutual inductance coupling model of the TET system. 

The equivalent mutual inductance coupling circuit 
model is shown in Figure 2, where dcV  is the input DC 
voltage, 1Q , 2Q  , 3Q  and 4Q  are power MOSFETs, 

1L and 2L  stand for the primary and secondary coils, 

1C and 2C  are their compensation capacitances, M is the 
mutual inductance between 1L  and 2L , and k is coupling 
coefficient. In order to simplify the optimization model 
and the algorithm, the equivalent series resistance of the 
primary capacitance and inductance, the internal 
resistance of the battery, and the ON resistance of the 
MOSFETs are neglected. The equivalent series 
resistance of the secondary capacitance and inductance 
are also neglected. 2j Miω  is the reflected voltage in the 
external primary part due to the secondary current 2i , 
while the induced voltage in the implantable secondary 
part due to the primary current 1i  is equal to 1j Miω .ω  
is the angular operational frequency. The subscripts 1 
and 2 stand for the primary and secondary respectively. 

The resistance LR  represents the load on the implantable 
secondary. Similar optimization model can be built for 
the other three basic topologies, such as Series-Series, 
Parallel-Parallel, and Parallel-Series. The topology 
analyses for these alternatives can be found in [9]. 

Under steady state conditions, the TET system is 
operating at a constant frequency, constant coupling 
coefficient and constant load. The circuit parameters are 
shown in TABLE I. 

TABLE I.  TET SYSTEM PARAMETERS 

Parameters Value Parameters Value 
f  40kHz k  0.24 

dcV  15V LR  20Ω 

 

B.  Power transfer capability 
The TET system voltage iU  is supplied by an H-

bridge inverter is shown in Figure 2, which is a square 
wave. The amplitude of the iU  can be considered as a 
constant. The iU  can be factorized as a Fourier series, 
and can be derived as: 

4 1 1(sin sin 3 sin 5 )
3 5

dc
i

U
U t t tω ω ω

π
= + + +    (1) 

The RMS (Root-Mean-Square) value of the 
fundamental component of  iU  is: 

1
2 2 dcV

U
π

=                              (2) 

According to the mutual inductance coupling model, 
the reflected impedance rZ  from the implantable 
secondary to the external primary is dependent on the 
mutual inductance M and the angular operational 
frequencyω , and can be expressed as: 

2 2

r
s

MZ
Z

=
ω                            (3) 

where sZ  is the impedance of the implantable 
secondary, whose value depends on the secondary 
compensation circuit as shown in: 

2
21

L
s

L

R
Z j L

j C R
ω

ω
= +

+
               (4) 

To minimize the VA rating of the power supply and 
to ensure maximum power transfer capability, the 
compensated capacitance is calculated [9], as shown in: 

 2 2 2
1 1 21/ ( / )C L M Lω ω= −  (5) 

 2
2 21/ ( )C Lω=                     (6) 

The power transferred from the external primary to the 
implantable secondary can be defined as: 

2 21
2 1 Re ( ) Rer r

in

U
P I Z Z

Z
= × = ×             (7) 

where inZ  is the amplitude of the load impedance seen 
by the power supply. 

Substituting (2) into (7), the power transferred from 
the external primary to the implantable secondary 2P  is 
determined by: 
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Figure 3.  Objective function variation with primary and secondary 

inductance. 

The variation of the transfer power capability in terms 
of the primary and secondary inductance is shown in 
Figure 3. It is seen that an increase in the secondary 
inductance 2L  and a reduction in the primary inductance 

1L  can lead to an increase in the power transfer 
capability. 

III.  OPTIMIZATION MODEL OF THE TET SYSTEM 

Optimizations would be necessary if we want better 
performances. In this section, an optimization model will 
be built for the TET system, including the design 
variables, the objectives, and the constraints. 

Design variables are those parameters that will change 
during the optimization process. 1L  and 2L  are design 
variables. The power transfer capability is the objective 
considered in this model. To obtain an optimal design 
considering power transfer capability, objective function 

2 1 2( , )P L L  is proposed where 2 1 2( , )P L L  is the function 
of the power transfer capability. The constraints are 
divided into two parts: 

A.  Constrained inequality based on bifurcation 
phenomenon 

When the TET system is optimized, it is desirable to 
analyze the bifurcation region based on stability 
consideration [9]. In such a region, the operating 
frequency will either drift away from the ideal operating 
point or move in an unstable state. Therefore, we must 
ensure these proposed optimization parameters operate 
out of the bifurcation region. 

In the series compensated primary and parallel 
compensated secondary topology, the bifurcation 
boundary is shown in: 

1 2
2

1Q Q
Q

> +                             (9) 

where 1Q  , 2Q  are the primary and secondary quality 
factors. 

The bifurcation region can be derived as: 

2 2
0 1

L
a

kR
L k

k
< =

−ω
                     (10) 

where 0ω  is operating resonant frequency. The 
secondary inductance 2L  should be chosen out of the 
bifurcation region, as shown in inequality (10). 

When the secondary inductance 2L  is higher than ak , 
the system will be operated out of the bifurcation region. 
To show the influence of the secondary inductance on 
the bifurcation phenomenon, it can be seen in Figure 4 
that how phase angle of the load impedance varies when 
the secondary inductance increases. ak  (dotted line) is 
the bifurcation boundary shown in Figure 4. 
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Figure 4.  Bifurcation phenomenon with varied secondary inductance. 

If 2L  is higher than ak , it can be seen that the zero 
phase angle frequency is unique and equal to the 
secondary resonant frequency. If 2L  is lower than ak , 
there are three zero phase angle frequency points and the 
bifurcation occurs. 

B. Constrained inequality based on components peak 
over-voltage and peak withstand current 

To achieve the required performance, each component 
must function properly through the operation period. The 
components of the system should be operated under the 
peak over-voltage and peak withstand current. Under 
these conditions, four nonlinear constrained inequalities 
can be obtained, as shown in: 

1 1 2 1

1 1 2 1

2 1 2 2

2 1 2 2

( , )
( , )
( , )
( , )

s

s

s

s

I L L I
V L L V
I L L I
V L L V

<⎧
⎪ <⎪
⎨ <⎪
⎪ <⎩

                         (11) 

where 1 1 2( , )I L L , 1 1 2( , )V L L , 2 1 2( , )I L L and 2 1 2( , )V L L  
are the functions of the primary current, primary 
compensation capacitance voltage, secondary current and 
secondary compensation capacitance voltage, 
respectively. 1sI , 2sI , 1sV  and 2sV  denote peak 
withstand currents and the peak compensation 

JOURNAL OF COMPUTERS, VOL. 6, NO. 2, FEBRUARY 2011 307

© 2011 ACADEMY PUBLISHER



capacitance over-voltages in the primary and secondary 
circuits respectively. 

 
(a) 1 1 2( , )I L L  versus 1sI  

 
(b) 1 1 2( , )V L L  versus 1sV  

 
(c) 2 1 2( , )I L L  versus 2sI  

 
(d) 2 1 2( , )V L L  versus 2sV  

Figure 5.  Constrained conditions variation with primary and 
secondary inductance. 

In Figure 5, the constrained conditions based on 
inequality (11) variation with primary and secondary 
inductance is shown. It is seen from Figure 5, the 
functions should be chosen below the plane. 1sI , 2sI , 1sV  
and 2sV  are set to be 10A, 200V, 10A and 100V 
respectively, which are based on the system behaviors. 

From Figure 3, when 1L =10 Hµ , 2L =50 Hµ , the 
system achieving maximum power transfer capability 
500W. But from Figure 5 it is seen that, this optimum 
value can not achieved because of constrains proposed 
before. Thus, the optimization model is employed, and 
an iterative calculation must be performed, which can be 
easily implemented using MATLAB Optimization 
Toolbox. 

In the MATLAB Optimization Toolbox, most of these 
optimization routines require the objective function to be 
minimized. So the maximization is achieved by 
supplying the routines with 2 1 2( , )P L L− , where 

2 1 2( , )P L L  is the function being optimized.  
Taken together, the optimization model based on this 

study can be described as follows: 
2 1 2

1 1 2 1

1 1 2 1

1 2 2 1 2 2

2 1 2 2

2

( , )
( , )
( , )

g( , ) ( , )
( , )

s

s

s

s

a

Minimize P L L
I L L I
V L L V

Subject To L L I L L I
V L L V
k L

          −

<⎧
⎪ <⎪⎪     =  <⎨
⎪ <⎪
⎪ <⎩

       (12) 

TABLE Ⅱ The solutions of algorithm 
Specification Optimization Results 

1L ( Hµ ) 45.11 

2L ( Hµ ) 27.21 

1C ( Fµ ) 0.37 

2C ( Fµ ) 0.58 

An interior point algorithm is employed to search for 
maximum value of objective. The results of optimization 
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are listed in TABLE II, 1C and 2C  are calculated by 
equation (5) and (6). 
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Figure 6.  Normalized residual error of 2P  versus iterations. 
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Figure 7.  Optimization flowchart. 

Figure 6 shows the performance of this optimization 
algorithm. The plots show the relative decrease in the 
normalized residual error versus the iterations. From 
Figure 6 it is seen that, within 10 iterations, algorithm 
achieved their maximum values. Figure 7 shows the 
flowchart of the optimization.  

IV.  SIMULATED AND EXPERIMENTAL VERIFICATION 

In order to verify the proposed optimization model as 
well as testify its accuracy, the calculated results are 
compared with the results obtained from both 
MATLAB/SIMULINK simulation and experimental 
tests. 

The TET system shown in Figure 2 has been 
simulated with SIMULINK software package. The input 
DC voltage 15dcV V= , 20LR = Ω , 40f kHz= ,  

1 45.11L Hµ= , 2 27.21L Hµ= , 8.41M Hµ= ,  

1 0.37C Fµ= , 2 0.58C Fµ= , 0.24k = .  

Figure 8 shows the simulated H-bridge output voltage 
waveforms and secondary output voltage waveforms 
when 1L  and 2L  are set to optimal value which is shown 
in TABLE II. 

 Figure 8(a) is H-bridge output voltage and (b) is 
secondary output voltage. From simulated results, it is 
seen from Figure 8 (b), the peak value of the output 
voltage is 53.10V and the RMS value is 37.55V. The load 
resistance is 20Ω, so the output power is 70.50W. 

 
(a) H-bridge output voltage 

 
(b) Secondary output voltage 

Figure 8.  Simulated results of the H-bridge output voltage and 
secondary output voltage. 

To further demonstrate the effectiveness of the new 
method, a prototype of the TET system was 
implemented. An experimental circuit has been set up for 
verification using the same circuit parameters. Figure 9 
shows the experimental H-bridge output voltage 
waveforms and secondary output voltage waveforms 
when 1L  and 2L  are set to optimal value. Figure 9(a) is 
H-bridge output voltage and (b) is secondary output 
voltage. Comparing Figure 8 with Figure 9, there is very 
good agreement between the measured and simulated 
power transfer. So the optimization model is validated to 
design the TET system.  
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From experimental results, shown in Figure 9 (b), the 
peak value of the output voltage is 45.60V and the RMS 
value is 32.24V. The load resistance is 20Ω, so the output 
power is 51.97W. 

 
(a) H-bridge output voltage. (5V/division) 

 

 
(b) Secondary output voltage. (20V/division) 

Figure 9.  Experimental results of the H-bridge output voltage and 
secondary output voltage. 

Although the shapes of experimental and simulated 
curve are in good agreement, the experimental output 
power deviates by about 18W. This is caused by neglect 
the internal resistance in simulation model, and it is 
difficult to get exactly the required capacitance and 
inductance. 

Figure 10 (a) shows the output power of the TET 
system when inductance 1L  increases and inductance 2L  
is set to its optimal value. It is shown that when 1L  is 
increased; the output power is lower than the design 
value.  

Figure 10 (b) shows the primary and secondary 
current of the TET system when inductance 1L  varies 
and inductance 2L  is set to its optimal value. It is shown 
that when 1L  is decreased; although the calculated output 
power is greater than optimal value, the primary current 
exceed primary peak withstand current 1 10sI A= (shown 
in section III), may lead to the damage and breakdown of 
the TET system.  

The output power when inductance 2L  varies and 
inductance 1L  is tuned to its optimal value is shown in 
Figure 10 (c). It is shown that when 2L  is decreased; the 
output power is lower than the design value. 

Figure 10 (d) shows the primary and secondary 
current of the TET system when inductance 2L  varies 
and inductance 1L  is set to its optimal value. It is shown 
that when 2L  is increased; although the calculated output 
power is greater than optimal value, the primary current 
exceed primary peak withstand current 1 10sI A= (shown 
in section III), may lead to the damage and breakdown of 
the TET system.  

Therefore, in steady-state, the maximum value of the 
output power is achieved when primary and secondary 
inductances are set to optimal value. 
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(a) Output power against change in primary inductance value 
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(b) Primary and secondary current against change in primary 

inductance value 
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(c) Output power against change in secondary inductance value 
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(d) Primary and secondary current against change in secondary 

inductance value 

Figure 10.  Output power, primary current and secondary current 
against change in inductance value. 

V.  CONCLUSIONS 

TET system is well known, but in practice it is 
difficult to determine the parameters of the coils. In this 
paper, an optimization model for the coil inductance 
calculation has been established and verified. Theoretical 
design is verified by simulation model and experimental 
results. There is very good agreement between the 
simulated result and experimental result. 

The proposed optimization model can be used to 
easily and quickly determine the value of two coils. This 
new optimization model provides a new and useful tool 
for preliminary system design. 
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