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Investigation of temperature
variations on a Class-E inverter
and proposing a compensation
circuit to prevent harmful effects
on biomedical implants

Mehrnaz Khodadoost?!, Mohsen Hayati'*“ & Hamed Abbasi?

In this paper, a Class-E inverter and a thermal compensation circuit for wireless power transmission in
biomedical implants are designed, simulated, and fabricated. In the analysis of the Class-E inverter,
the voltage-dependent non-linearities of Cy,, C 4, and Rgy as well as temperature-dependent non-
linearity of Ry of the transistor are considered simultaneously. Close agreement of theoretical,
simulated and experimental results confirmed the validity of the proposed approach in taking

into account these nonlinear effects. The paper investigated the effect of temperature variations

on the characteristics of the inverter. Since both the output power and efficiency decrease with
increasing temperature, a compensation circuit is proposed to keep them constant within a wide
temperature range to enable its application as a reliable power source for medical implants in harsh
environments. Simulations were performed and the results confirmed that the compensator enables
significant improvements by maintaining the power and efficiency almost constant (8.46 +0.14 W and
90.4 +0.2%) within the temperature range of - 60 to 100 °C. Measurements performed at 25 °C and
80 °C with and without the compensation circuit were in good agreement with the theoretical and
simulation results. The obtained measured output power and efficiency at 25 °C are equal to 7.42 W
and 89.9%.

Today, wireless technology plays an important role in the development of Health informatics. The convenience
of patients under treatment, diagnosing the disease with the least side effects and the accuracy of test results
are important concerns of scientists in this field. Wireless technology is used in biomedical sensors, artificial
organs, and remote monitoring of the patients’ condition'~. Figure 1 shows some examples of implants that
integrate wireless technology for therapeutic applications. The illustrated implants work at different frequencies
and are designed according to their function in different parts of the body*~® Class-E Power Amplifier (PA) or
inverter is the main component of WPT'!. In design and analysis of Class-E power amplifier, the effects of input
voltage waveforms'?, duty ratio’®, and parasitic linear and nonlinear capacitances'* have been discussed. Also,
comprehensive research projects have been conducted to improve the characteristics of PAs in different classes
for biomedical industry'® One of the important issues in the manufacture of biomedical implants is availability
of reliable wireless power supplies and this paper is focused on this matter specially with regards to operation
in harsh environments.

The Class-E inverter has been welcomed due to its high efficiency, circuit simplicity, and small size and
therefore it has been the main element of practical circuits such as biomedical implants'®'’, inverters'®-20, WPT
systems?!~%, oscillators*>?, and light communication transmitter?. Due to these broad applications, a variety
of techniques have also been used to design and optimize class E inverters for different WPT applications. As an
example, in Inductive Power Transfer (IPT) WPT, due to the displacement of the transmitter and receiver coils,
as well as the displacement of the alignment between them, the values of the output resistance and inductance of
the inverter changes. To avoid the effects of these changes, frequency modulated control** and load independent
class E inverter?>*® have been presented. The load-independent Class-E inverter achieves constant output voltage,
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Figure 1. Some of the therapeutic implants which are supplied with WPT™.

ZVS, and fixed phase shift between the driving signal and the output voltage at any load resistance without any
control®.

Another approach is to merge Class-E PAs with other classes, which results in mixed-mode PAs such as class
Dpy** and class Ey/F,". The robust and efficient wireless power transfer and the floating bulk technique achieved
by using a power-efficient Class-E power amplifier have also been investigated®>** In one research™, a study
of the temperature effect on the MOSFET biased in the subthreshold region is presented. In another work two
Class-E PAs with transmission line (TL), lumped elements®*, and a Class-E PA with two cascaded transistors®®
have been studied. The design of the Class-E PA considering the non-linear drain-source and linear gate-drain
capacitances have also been studied!>*” In a recent work®, the temperature effect on the Class-E PA has been
investigated where the effect of temperature has been compensated by DC gate-source voltage, despite its unde-
sired influence on the transistor bias region, also only the drain-source resistor of the transistor is considered as
alinear element and the effect of nonlinear capacitors is completely neglected. This is while, the need to consider
these capacitors in the analysis has already been thoroughly proven®. Studying the effects of temperature changes
on WPT transmitters while also considering the simultaneous effect of nonlinear capacitances and on-state
resistance is a missing challenge of research, which is the main aim of this paper. We have then proceeded to
propose a compensation circuit which does not adversely affect the bias of the MOSFET and aims to exceed the
performance of the previous approach. This is done with the objective of maximizing the operating temperature
range of the inverter as defined by its power level and efficiency. In this paper, it is shown that the output power
and efficiency decrease with increasing temperature. The change in temperature also changes the drain-source
voltage, which it may exceed the maximum withstand voltage of the transistor and as a result, the transistor can
be damaged in the circuit. This condition would be worse if we had a MOSFET with a large Rgy. In medical
implants, providing a reliable power source is one of the designers’ issues. A compensation circuit is proposed
in this paper to keep output power and efficiency constant within a wide temperature range in order to enable
its application as a reliable power source for medical implants in harsh environments.

This paper is categorized as follows; discussion of the design block diagram and design specification, pres-
entation of the proposed analysis for the Class E Inverter considering the voltage-dependent non-linearities of
Cds, Cgd, and Ryy as well as temperature-dependent non-linearity of Roy of the transistor and investigating
temperature variation effects, introducing the class-E inverter with the proposed thermal compensation circuit,
and finally presentation and discussion of the measurement results and a conclusion.

Proposed methodology

Design block diagram and design specification. The proposed block diagram of a WPT used in bio-
medical implants is shown in Fig. 2. Due to the high efficiency of switching inverters, they are used in the
wireless power supply system in the power transmitter part. In wireless implants, the transmitter induces the
required power into the implant circuit with an inductive couple that transmits the power through the coils. In
the receiver part of the body, a rectifier and a regulator are utilized to create the required power. The presented
circuit of a WPT is shown in Fig. 3.

Class E inverter is used in many WPTs due to its simplicity of structure and high efficiency at the operating
frequency. The important elements of the Class E inverter circuit are the MOSFET, which acts as a switch, a
resonant circuit at the desired operating frequency, and an external capacitor. In a class E inverter, the transistor
is biased in the cut-off region, with a sufficient gate driving amplitude to make it to operate alternatively between
the cut-off and the linear region. Nonlinear elements of the transistor include the drain-source capacitor and the
gate-drain capacitor, which have a non-linear voltage dependence. The drain-source on-resistor has a nonlinear
temperature dependence. The output series resonance circuit followed by a phase difference inductor is designed
to produce the output signal at the operating frequency with the lowest power loss. A choke is used between the
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Figure 2. The proposed block diagram of a WPT in biomedical implants.
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Figure 3. The presented circuit of a WPT is used in biomedical implants.

drain of the transistor and the power supply to create low-ripple DC current and isolate ac signals from DC. In
most designs, the transistor is considered an ideal switch, which is modeled as a short circuit in the ON-state
and as an open circuit in the OFF-state, but in the ON-state, the transistor has a resistance that depends on the
transistor parameters.

Transistor temperature dependency. All passive and active elements have internal resistance, consider-
ing this resistance in the design process causes theoretical and fabricated responses to be in good agreement with
each other. The most dependence of the transistor on the temperature is related to this resistance, which is tied to
the drain-source. In switching inverters, the transistor operates in the triode region in the ON-state and operates
in the cut-off region in the OFF-state. The relation of the transistor current in the triode region is defined as*":
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. w g
ir = MnCoxT (Vgs — Vi) Vps — EVDS (1)
In the deep triode region, Vg <2(Vgs— Vi), it can be obtained:
. w
it & /anoxf[(VGS — Vi) Vps] (2)

The relationship of the ON-state drain-source resistance can be presented as*!:
1
= 3
tnCox (Vs — Vi) ®

Ron

where i is the transistor current, Vi is the gate-source voltage, V) is the drain-source voltage, 11, is mobility,
Vi, is the threshold voltage, and C,, is the oxide capacitor per unit area. W is 100u and L is 100u for IRF510. In
(3), 1y and Vy, are temperature-dependent parameters that lead to the temperature dependence of ON-state
drain-source resistance. Firstly, the effect of temperature variations on Vy, is investigated. V,, is obtained as**:

V/265qN. (20
Vth:2@F+M7“(‘:)

Cor (4)

where g is the electron charge and N, is the acceptor doping density, &; is the dielectric constant of the semicon-
ductor and 2@F is twice the bulk potential. Where for the P substrate, the bulk potential is obtained as follows**

N,
Gp = Vrin—2 (5)
ni

Vi is the thermal voltage and #; is the intrinsic carrier density. The Vr and n; depend on temperature and are
described as follows**:

KT
Vr = (6)
q
n = NCNVe_Eg/ZKT (7)

N is the Effective density of states in the conduction band, N, is the Effective density of states in the valence
band, E, is the semiconductor Energy bandgap, and K is Boltzmann’s constant. The energy bandgap of a semi-
conductor is related to temperature and is expressed as follows**:

E (T) = —E,(0) oT? 8
¢(l) = —L¢ T+ B (8)
By substituting (6), (7), and (8) in (5), the & is obtained by**
KT N,
Vg = —~In P ©)

q mg—Eg O)—F B /2KT

Mobility is the second parameter that depends on the temperature. Mobility decreases with increasing tem-
perature with coefficient T->* and is defined as below*:

Mn = lanOT_Z4 (10)

where j1,0 varies based on the amount of silicon impurity. By substituting all the parameters in (3), the equation
of resistance based on temperature is obtained as:

1
Ron =
Vgs — 2KLpy, N 5
9 (—Eg = %JTrﬁ )/ZKT
2140 W Nele (11)
Mno T~ Coxf 2$5ina2ﬁln Ng
1 (—E (0)—ﬁ>/2m
2O T3
+/NcNye
+ C
0X

The constant parameters for silicon in (11) are defined as below*%:
meV
@ =0473—— p=636K Eg(0)=1166eV
Temperature changes are caused by changes in ambient temperature and junction temperature, which causes

power dissipation in the transistor. It can be seen from (11), Ryy is a function of V;, and mobility, which decreases
with increasing temperature.
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Figure 4 shows the dependence of V,;, and mobility as a function of temperature for IRF510 transistor. The
change of Ry based on temperature variations when Vgg=5.2 V is shown in Fig. 5. Roy has an increasing trend
with increasing temperature.

Presented analysis for the class E inverter. Figure 6 shows the equivalent of the simple class E (SCE)
inverter circuit which consists of:

The transistor considers the nonlinear capacitances (Cy, and Cy).
Ryy is the resistance of the transistor ON-state.

C.,., is the fixed external capacitor.

Lyrc is used as the ac blocker.

Rype is the resistance of the Ly

L acts as a phase difference inductor.

R, is the resistance of L+ Lr.

C,+ L, just passes the first harmonic and blocks other harmonics.

The element values and specifications of the class E inverter in — 60 °C ~ 180 °C temperature ranges are
obtained by numerical solution according to ZVS and ZVDS conditions including nonlinear Rpy, C4,, and Coy.
Figure 7 shows a block diagram of the design process and methodology that is used. In the design, the input
parameters are operating frequency, peak output current I,,, external capacitances C,,,, and chock inductance
Ly, which are known. Also, the output parameters are L, L,, C,, R;, Vpp, efficiency, output power, V,_on, Vi_on,
and I, which are obtained according to the temperature variation.

A square pulse with a duty cycle of 50% is applied to the gate transistor. When the transistor is OFF (0<O <),
the gate-source voltage is zero, leaving only the nonlinear capacitors of the transistor. The following relationship
can be presented:

) o0 . dVq_okr
Transistor off — —Ipc + anl Ly, sin (n6 + ¢y) + w(Cext + Cys + ng) —% - 0 (12)
In (12), V4_oFr is the drain-source voltage in the OFF-state, I is the DC current injected from V), and
because of Lyyc operation, this current has a very little ripple. I, is the nth harmonic peak of the output current.
The nonlinearity of transistor capacitors (C,, and C,,) are considered for more accuracy in the design and their
relationship is as follows®:
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Figure 4. The dependence of V;, and mobility as a function of temperature for the IRF510 transistor.
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Figure 5. The dependence of R,y as a function of temperature for the IRF510 transistor when VGS=5.2 V.
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Figure 6. The equivalent circuit of the simple class E (SCE) inverter circuit.
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Figure 7. Block diagram of the Presented Analysis for the Class E Inverter.

Cio1 Cioa

Cy = J , Cog =

ds 14 Va—orr )™ gd 1+ Va—orr \™ (13)
Vbiy Vbiy

where V;_opr is the drain-to-source transistor voltage in the OFF-state, Vy;, and V,, are the built-in voltage of
the pn junction, Gy, is the drain-to-source capacitance at V4_orr, Cyp, is the gate-to-drain capacitance at Vy_orr,
m, is the grading coefficient for the nonlinear drain-to-source capacitance and m, is the grading coefficient for
the nonlinear gate-to-drain capacitance. By substituting (13) in (12) and integrating from 6 we have:
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@Cjoz2 Viia

Vaorr\' ™™
1+ — — 1| + @Coxt Va—_orFr
1—my Viiz

Va—orF > t=m
14 O —1| +
( Vit

o0
1,
= IpcH + Z %[cos(nf) + @n) — cos(gy)]
n=1

(14)

The parameters of IRF510 MOSFET are listed in Table 1+.

When the transistor is ON (n<© < 2m), the gate-source voltage is high, Roy impact is added to the structure.
i is the current passing through the transistor. This current is considered zero when the transistor is in OFF-
state due to the high resistance of the transistor. By utilizing the current division in the drain node, the below
equation can be obtained:

Zc,, HZng Iz,
chs HZng IIZc,, + Ron

oo
it =Ipc — anl Iinn sin (n6 + @) X (15)
where Z” and ‘I’ mean impedance and parallel, respectively.
The ZVS and ZVDS conditions are applied to the transistor voltage to avoid overlap between voltage and

current at 7. These conditions create minimal consumption in the design. Applying these conditions to Egs. (12)
and (15):

dVa_opr () oo .
ZVDS — % =0 —Ipc+ Y  (SD)" Ly sin () = 0 (16)
I
ZVS = 0= Va_ope(m) = 0 — Ipc + 3 :0:1 (1" = 1] cos(pn) = 0 (17)

The output resonance circuit of the transistor is designed with high-quality factor, so only the first harmonic
is considered in the design and the rest of the harmonics are ignored. Therefore, according to (16) and (17),
the amount of phase difference required to meet the conditions of ZVS and ZVDS is equal to ¢, =—0.567 rad.
Figure 8 shows the drain voltage at 25 °C as well as determines the drain voltage peak value in the ON and OFF
states. It can be seen that the drain voltage in the ON-state has a significant value, but it has been neglected in
previous class E inverter designs.

The drain voltage in the ON-state according to R,y can be obtained as below:

Vi_on =it X Ron (18)

where it is the current of the transistor in ON-state, which is presented in (15).
The voltage of the DC power supply according to the drain voltage can be obtained. 0 to m indicates the OFF-
state, and 7t to 27 indicates the ON-state of the transistor, Vpp can be calculated as follows:

Parameters | Gy; (pF) | Vi (V) | my Cioz (PF) | Vi (V)
Value 298 0.774 0.423 185 0.5
Parameters m, Vi (V) | 4,Co W (um) | L (um)
Value 0.651 3.82703 | 2.48457 | 100 100

Table 1. Parameters of the IRF510 MOSFET.
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Figure 8. V,in on and OFF-states versus ©.
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1 b4 2
Vbp = —— {/ Va_orr(0)d6 —|—/ Vd—ON(G)dG} + Rrrclpe (19)
0 T

To have a constant output current with ZVS and ZVDS conditions versus temperature changes, the circuit

parameters like Vp,p, L, C,, L, and R; must be changed. According to (19), V), versus temperature changes is
obtained and shown in Fig. 9.

As temperature increases, Vp,p should be increased to compensate for the drop in drain voltage in the OFF-
state. Figure 10a shows the output resonant circuit. At the fundamental harmonic, which is considered to be
1 MHz, the resonant circuit is simplified, as shown in Fig. 10a. By employing KVL in the circuit:

—Via—orrH1 + VR, + VL +V, =0 (20)

In (20), V4_orrH1is the first harmonic of V;_ogp, V) is the phase difference inductor voltage, V,, is the output
voltage, and Vg, is the R;, voltage. By substituting the first harmonic of the out current in (20):

—Va_orrH1 4 Rio X Iyisin(0 + @1) + 27f X L X I;y1c08(60 + ¢1) + Ry X Ipisin(@ +¢1) =0 (21)
By solving (21) we have:

20.61
z
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a
>
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Figure 9. The value of V,;, based on temperature.
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Figure 10. (a) The output resonant circuit in the main harmonic. (b) The R; and L for establishing ZVS and
ZVDS.
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Va_orrH1| = Iml\/(an x L)* 4 (R + Ryo)? (22)

L)

-1
= + tan
PVy_oppH1 = @1 (RL YR,

(23)

where |Vd,oppH 1| and @v,_..m1 are the absolute value and phase of the fundamental harmonic of V;_ogp
respectively. By solving (22) and (23) the value of output resistance and phase difference inductor are calculated

as follows:
Ry — }Vd—OFFHl‘Z — Ry (24)
Ifnl (1 + tan? (wvd,OFFHl - (01))
1 |Vd—OFFHl’2 x tan? ((/’Vdfom-‘Hl - <,01)
L= — > 5 (25)
2nf 12, (14 tan? (@v,_oper1 — 91))

By solving (24) and (25), the optimal load resistance values (R;) and L that are suitable for creating ZVS and
ZVDS conditions at different temperatures are calculated. The calculated R; and L are shown in Fig. 10b. As the
temperature increases, the value of these parameters should be reduced to achieve the conditions of ZVS and
ZVDS and have a constant output current.

In this design, the quality factor in the resonant circuit is considered to be 10, so that the output current
waveform is close to a pure sinusoid. According to (26) and (27), the value of the inductor and capacitor of the
series resonant are obtained based on the temperature, as shown in Fig. 11. As the temperature increases, to
access the ZVS and ZVDS conditions and constant output current, the inductor should be decreased and the
capacitor should be increased.

_ 2rfL, QxR
Q= R, — Ly = 27Tf (26)
PR S
2L x G "7 (enf)’L (27)

In a real Class E inverter, the efficiency is not 100% due to the presence of parasitic elements. The efficiency
can be calculated by dividing the power delivered to the load over the total power consumption in the circuit

as follows:
Po
p=-—9 28
Po + Pioss 28)
The total power consumption of the circuit is expressed as:

Pioss = Pregc + Pro + PR,y (29)
where Ppp,»Pr;,» and Py, are the dissipated power in Rygc, Ry and Rpy, respectively. The efficiency is calculated
as:

lp 12
B IR 12,
"= IR, + RercId + 0.5R101%, + 2 127 RoxTs sin (6 do (30)
3RLIL + Rrrclpe + 0.5Rpoly + 5- /5" RonIm sin (6 + ¢1)
40.4 665
T ~
3 e
»—1‘_ (_)L—
38— . * ! . 625
-50 0 50 100 150
Temperature(°C)

Figure 11. The L, and C, of the series resonance.
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In order to have a constant output current and maintain the nominal conditions, the values of the circuit
elements change according to the ambient and junction temperature. Figure 12 shows, that the efficiency and
output power versus temperature variations when the values of the circuit elements change. As can be seen, the
output power and the efficiency in the presented SCE inverter decrease with rising temperature.

Presented design for the class Einverter at 25 °C.  In this section, a class E inverter at 25 °C is designed
and the elements of the circuit are obtained according to previous analysis as listed in Table 2, then the effect of
temperature variations on the specifications are investigated as shown by a block diagram in Fig. 13.

By solving (14) and (15), the dependence of the drain voltage is calculated according to temperature and O,
as shown in Fig. 14a,b. In the ON-state, taking into account the rising Ry, the drain voltage rises, as shown in
Fig. 14a. Due to the constant V}p, as the temperature increases, the total area under the drain voltage curve from 0
to 2m should also remain constant. Therefore, to compensate for the increase in the drain voltage in the ON state,
the peak value of drain voltage in the OFF-state is reduced as shown in Fig. 14b. The drain current is considered

PUlll(W)

Efficiency (%)

gyl n " L L
-50 0 50 100 150

Temperature(°C)

Figure 12. The output power and efficiency.

Element Values
L(uH)+L(uH) | 4.86+39.6
C, (pF) 638.7

R, (Q) 249

Viop (V) 2031

Lipc (HH) 400
Ryre(Q) 0.3

Cot (PF) 1000

Table 2. The element’s value of the presented class E inverter at 25 °C.

Figure 13. Block diagram of the Presented Design for the Class E Inverter at 25 °C.
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Figure 14. 'V, versus temperature and © (a) in the ON-state (1 <© <2m), (b) in the OFF-state (0<© <m).
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Figure 15. (a) I, and I,¢ versus temperature. (b) Efficiency and P,,, versus temperature.

zero in the range of 0 to 7 and the transistor resistance is assumed infinite. One of the important factors in the
design is to consider the maximum voltage that can be tolerated for the transistor according to its model. If the
drain voltage changes caused by temperature fluctuations are not controlled, they can damage the transistor.

A change in temperature causes a change in resistance, and then the amount of output current and efficiency
and output power change. Figure 15a,b show the reduction of these parameters based on temperature increment.
As it is clear, these changes are significant and should be considered in the design.

Design of the presented thermal compensation unit. In this section, a thermal compensation unit
(TCU) is provided for the SCE. According to (11), Ryy has inversely related to the gate-source voltage applied to
the transistor. Ryy versus Vg and temperature is shown in Fig. 16.
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Figure 16. Ry versus VGS and temperature.
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Figure 17. The equivalent circuit of the thermal compensated class E (TCCE) inverter.

To achieve a constant R,y with temperature variations, the amount of Vg in the circuit should be changed.

To generate Vg according to temperature changes, a compensation circuit is designed, as shown in Fig. 17.
The TCU includes:

An OP-AMP is formed in a non-inverter state.

Three constant resistors (Ryy, Ry, Rpys)-

Ry is a 10KQ) negative temperature control (NTC) resistor with 3435 part-number.
Vppe has applied voltage to the op-amp.

TC4427 is used as the driver.

Ry has a nonlinear decreasing behavior with increasing temperature. The model of this resistor is 3435. The
resistance value versus temperature is shown in Fig. 18.
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Figure 20. Vi versus temperature for different values of Rg,, Rqy,, and Rg,; and the constant resistance at
25 °C.

The block diagram of the TCU design process is shown in Fig. 19. The values of Vs versus temperature that
creates constant Rqy are obtained from Fig. 16 in MATLAB and plotted in Fig. 20 with a continuous-black-line.
The elements value of the compensation circuit as shown in Fig. 17 are calculated in MATLAB with respect to
Vs and Ry (3435 NTC resistor) values. Figure 20 shows the created Vg versus temperature with different values
OfRﬁxD RﬁXZ’ and RﬁxS'

Vcariver determines the value of the pulse signal applied to the gate and is calculated from the following
equation:

Vpcdriver =V (1 + 7Rﬁ A ) 31
DCdriver PDC Rﬁx2 T RT||Rﬁx3 (31)

Figure 20 shows, Vg versus temperature for constant Rpy in a continuous black line. The elements of the
compensation circuit, which are Rp,;, R, Rjys and Vppc should be adjusted so that the compensation circuit
produces this pattern for V. The blue dashed lines with Rg,; =2.8, Ry, =7, and Rg3 =3 KQ provide the best
agreement between — 60 and 100 °C. The SCE is investigated with and without the compensation circuit. When
the TCU is in the design, it prevents the effect of temperature variations on the inverter parameters. The changes
in efficiency and output power based on the temperature in the SCE and the TCCE inverter are shown in Fig. 21,
simultaneously. The compensator enables significant improvements by maintaining the simulation power and
efficiency almost constant (8.46 +0.14 W and 90.4 +0.2%) within the temperature range of — 60 to 100 °C. From
the comparison of efficiency and output power in the TCCE inverter and the SCE inverter, it is becoming clear
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Figure 21. The changes in efficiency and output power of the SCE and TCCE.

Figure 22. The fabricated inverter.

that the TCU provides constant output power and efficiency versus temperature variations, which is very desir-
able for telecommunication circuits.

Performance analysis result

The presented TCCE inverter is fabricated and shown in Fig. 22. The input signal has a duty ratio of 0.5. The
operation frequency is 1 MHz. As can be seen, the negative temperature control resistor is placed next to the
IRF510 to sense the ambient and junction temperature simultaneously. The TCU can be isolated from the SCE
inverter with a jumper so that it can be tested with and without the compensation circuit. The load resistance
is made by ceramic resistors with a tolerance of 10 watts. All capacitors used are able to withstand high power.

Comparison of theoretical, simulation, and experimental results. Table 3 shows the values of the
elements used in the TCCE inverter. Table 4 shows the theoretical, simulated, and measured results of the pre-
sented TCCE inverter at 25 °C. As can be seen, the simulation and measurement results are very close to the
theoretical results. This precision in the results is due to the consideration of all the parasitic elements of the
transistor as well as the resistance of the transistor in the ON-state. Figure 23a shows the output driver voltage
applied to the gate of the transistor. The value of Vi is 5.2 V. The driver output capacitor causes a slow slope in
the measured V. In Fig. 23b, the drain voltage for simulation, theoretical and fabrication results are shown.
The output current is considered pure sinusoidal in the theoretical analysis, but in the measurement and simula-
tion results, the output current has more harmonics, which increases the drain voltage level for simulation and
measurement.

Figure 24c shows the output voltage. The difference between the results is due to the increase of the resist-
ance in the resonance path in the manufacturing process and considering the output current as a pure sinusoid.
Figure 24a shows the applied gate voltage for the SCE inverter at 25 °C and 80 °C and also for the TCCE inverter
at 80 °C. At a temperature of 80 °C, the value of gate voltage increases due to the operation of the compensating
circuit and prevents changes in the drain voltage. As can be seen in Fig. 24b, the drain voltage in the SCE inverter
at 25 °C is almost the same as the drain voltage in the TCCE inverter at 80 °C. Due to the operation of the TCU,
the peak of the drain voltage remains constant. Figure 24c shows that at 80 °C in the SCE inverter, the output
voltage is affected by the decreased in the drain voltage. Table 5 compares the values of the parameters measured
with SCE at 25 °C and 80 °C and the parameters measured with TCCE at 80 °C. In the SCE inverter at 80 °C,
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Element Theoretical | Simulated | Measured
Rpey (kQ) 2.8 28 2.8
Rpp (k) 7 7 7
Ry (kQ) 3 3 3

Ry (kQ) (3435) 10 10 10
Lyec (WH) 400 400 400
Repc(Q) 0.3 0.3 0.3
C..: (pF) 1000 1000 1000
Ry (Q) 1.2 1.2 1.5
Ryiver (KQ) 33 33 33
Curiver (PF) 500 500 500
L (uH) + L,(uH) 4.86+39.6 4.86+39.6 |45
C, (pF) 638.7 638.7 639
R; (Q) 249 249 25

Table 3. The elements value of the inverter and compensation circuit.

Parameter | Theoretical | Simulated | Measured
Voo (V) 20.31 20.31 203

Ipc (A) 0.4297 0.461 0.407

I, (A) 0.8 0.824 0.77

Vipe (V) 4 4 4

P, (W) 7.97 8.46 7.42

7 (%) 89.85 90.4 89.9

Table 4. The important parameters of the inverter at 25 °C.

the output power is 2.7% lower than the SCE inverter at 25 °C. By applying the TCCE inverter, this difference
reaches 0.13%, which is very favorable. In the SCE inverter, the efficiency at 25 °C is 89.9%, which decreases to
88.1% when the temperature increases to 80 °C. As the temperature increases in the TCCE inverter, the efficiency
remains constant. It is concluded that the TCU has a very positive effect on the inverter parameters. Important
parameters of the class E inverter for comparing the TCCE inverter with other references are presented in Table 6.
The output power and efficiency of the proposed circuit are 7.42 W and 89.9%. Output power and efficiency are
in conflict with each other, in some references, despite high efficiency, they have provided lower output power.
Cgsand C;; have a non-linear relationship with the drain-source voltage and their consideration confirms the
theoretical answer. None of the references consider these capacitances as nonlinear elements in design process,
nor do all references consider the nonlinear effects of Ry.

Conclusion

In this paper, a class E inverter with a thermal compensation unit has been presented. In the WPT, the class E
inverter is more affected by temperature due to the presence of the active elements. The temperature variation
effect has been considered in the class E inverter design including nonlinear Cy, C,q and Ry and it has been
compensated to achieve a reliable power source in the biomedical implant. It has been found that temperature
changes significantly affect inverter characteristics such as output power and efficiency. Therefore, a compensa-
tion circuit was proposed and added to the simple class E inverter. Simulations were performed and the results
confirmed that the compensator enables significant improvements by maintaining almost constant power and
efficiency (8.46 £0.14 W and 90.4 £ 0.2%) in the temperature range of —60 to 100 °C. The thermal compensation
class E inverter has been fabricated, and the simulation and theoretical results are validated with the measured
results. The tested circuit results are in good and acceptable agreement with the simulation results. The obtained
output power is 7.42 W with an efficiency of 89.9% at 25 °C.
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TCCE waveform of V; and (c) The SCE and TCCE output voltage for the simulation, theoretical, and fabrication

at 25 °C and 80 °C.
Voo (V) 203 203 |0 203 |0
Inc (A) 0.407 | 0.407 |0 0.404 | —0.74
I (A) 0.77 | 0771 | +0.13 0.759 | - 1.43
P, (W) 742 | 743 |+0.13 722 |-27
1 (%) 89.9 (899 |0 881 | -2

Table 5. The values of the measured parameters in the state with and without compensation circuit at 80 °C.
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Ref MOSFET F(MHz) |P,(w) |Efficiency | Vg5 | Vpp | Cy Cys Ron TC*
2 IPP530N15N3G | 1 10 37.7-89.3 10 10 - Constant - NO
3 IRFR120Z 1 4.76 93.2 NA 195 |- Constant - NO
8 RQ6E045BN 0.8 1.02 92 5 4.5 - Constant - NO
9 FQT13n06 0.8 0.96 89 6 4.5 - Constant - NO
12 - 1800 17 83 44 |28 - Constant | - NO
1 - 1370 9.5 90.2 8.8 |28 - Constant | - NO
19 0.18 um CMOS 477 1.5 NA NA |33 - - Linear YES
This Work IRF510 1 7.42 89.9 52 |20.3 |Nonlinear |Nonlinear | Nonlinear | YES

Table 6. The comparison between the presented inverter and other works. *TC refers to thermal
compensation.
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