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Abstract—This work presents a model of a Class E’
converter for wireless medium power transfer applications.
The converter operates at frequency of 200 kHz and consists
of an inductive link with its primary coil driven by a class E
inverter and the secondary coil with voltage driven class E
synchronous rectifier. A 7th order linear time invariant LTI
state-space model is used to obtain the eigenvalues of the
system for the four modes caused by the operation of the
converter switches. A participation factor for the four modes
is used to find the actual operating point dominant poles for
system response. A dynamic analysis is carried out to
investigate the effect of changing separation distance between
the two coils based on converter performance and the changes
required of some circuit parameters to achieve optimum
efficiency and stability. The results show an excellent
achievement in terms of efficiency (90-98%) and maintaining
constant output voltage by the use of a PI controller with
dynamical change of capacitors in the inverter.
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eigenvalues, dynamic response, PI controller, DC-DC resonant
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1. INTRODUCTION

Among the applications of wireless power transfer
technology, DC to DC converters with inductive resonant
links for high efficiency medium power applications is one
of the important research activities [1-8]. These devices use
class E inverters and rectifiers to form efficient high
frequency DC/DC resonant converters.

In the application of class E* converters using inductive
link for Wireless Power Transfer (WPT), researchers such
as those in [1,9] used a current-driven class E rectifier. On
the other hand, in order to improve the efficiency of WPT,
other researchers [4-8,10] proposed a voltage-driven Class
E rectifier using MOSFET instead of diode rectifier to
achieve high efficiency.

However, some applications need constant output
voltage for stable operation of WPT devices [10], limiting
the application of the works presented in [1,4-9]. Since the
distance between the transmitting circuit and the receiving
circuit is not guaranteed to be fixed at a certain value, the
power transferred and the output voltage change
accordingly. A regulating circuit is then required to
maintain a constant output voltage produced from the WPT
devices. To combat this problem, the authors in [11]
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suggested increasing the input voltage; however, high input
voltage may lead to device breakdown due to excessive
heat generated and cause lower operating efficiencies. In
[12-17], authors proposed the uses of lossy, complex and
bulky additional components and power consuming active
devices for feedback and communications to achieve
constant output voltage. Moreover, authors in [18,19]
suggested a non-radiative magnetic coupling approach to
deliver power more efficiently; but the effective transfer
range was basically restricted to one coil diameter unless
relay resonators are adopted [20]. In [21,22] an optimized
circuit structure was adopted which is based on series-shunt
mixed resonant circuits but these circuits produce poor
efficiency especially for long separation distances, despite
the complexity of the used circuits.

For the above reasons, a dynamic analysis model is
required to explore all the possibilities to obtain stable high
efficiency WPT devices taking into account that a control
method is required in the transmitting circuit side with no
cost in power consumption and keeping a good balance
between constant output voltage and a high efficiency
operation.

The main objectives of this work are the examination of
the Linear Time Invariant (LTI) state-space model caused
by the switching operation of the converter switches and
the effect of MOSFET switching including the variation of
the circuit parameters in terms of the dominant Eigenvalues
and the complex conjugate poles of the circuit model at
open loop condition. The effective Eigenvalues are
calculated using participation factor and averaging through
the four modes of switching in each cycle. Since the state-
space model of this converter has been verified in [5],
hence it is adopted in this analysis using the complex s-
plane to find out the effective dominant poles that produce
the circuit response under transient changes. Handling state
-space models of such circuits in this manner makes the
design of their controllers and regulators much easier. Most
importantly the achievement of higher efficiency with
dynamical change in capacitors of the inverter part of the
converter as well as obtaining fairly stable and constant
output voltage are currently considered here. In addition,
the findings from the open loop condition will be used to
build a closed loop control system with a PI controller for
the proposed WPT system.
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Fig. 1. Circuit of the class E* converter [5].

II. DESIGN AND METHODOLOGY

A. Mathematical Model

The circuit of Fig. 1 can be represented by the following
7th order state space equation:

x=Ax+BU

y=Cx+DU
Where 4= [aij]’ B= [bjk]aj = 19":79 and k = 1,..,7, C iS the
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For dynamic analysis, it is assumed that switching ON
and OFF of the two MOSFET devices connected across C,
and Cj; can affect the values of coefficients @;; and a;; only
of the A matrix. When the switch is in ON state, these
coefficients have their normal values while when they are
in their OFF states these two coefficients become zero, to
emulate the high OFF resistance of the device. In this case,
the system transits four states representing the modes of
switching in one cycle as shown in Fig. 2. The
corresponding circuit transfer function can be described by
the following general form:

Y(s) 4

——=C(s[-4) B

U ( S) ( ) 2)
where s is the complex operator of the Laplace transform of
system differential equations and / is an identity matrix.

The performance of the converter circuit can be
determined in terms of the input function U and the initial
state of the system x(0) or the initial conditions. The time
domain solution can be described by the transition matrix
o(f) and the matrices B, C are constant matrices and D is a
zero matrix. ¢(#) also involves inverse Laplace transform of
a matrix inversion in which ¢(¢) = L™ {[s] — A]"'} where the
Eigenvalues are the solution of the characteristic equation
Is/—A|=0.

The four modes of the switching cycle are analyzed
based on the position of the dominant poles on the s-plane
for which these are the nearest poles to the imaginary axis
of the s-plane. A participation factor could be obtained as
the ratio of each state time to the cycle period. Then at the
end the effective dominant pole is determined by taking the

TF =

‘-E | 1] 11 v

¢ | ON OFF OFF| ON

g

]

2

< |on ON OFF OFF
2 |

(1]

S 0 a b ¢ 2n

-

ot

Fig. 2. The operating modes of the two MOSFETs for
one switching cycle.

average of the weighted dominant poles of the four states
within the switching cycle. i.e:

The dominant pole can be described by the following
complex number:
s, =0xjw (3)

where s, is the dominant pole; o is the real part of the pole
vector and should be negative for a stable system and w is
the imaginary part of the pole vector (it is also called the
damped natural frequency of system response).

o, =\lo> +®" is the undamped natural frequency and
c
g= P is the damping ratio of the system.

The system is stable when its dominant pole has
negative real part. Let’s assume fi, f», f3, and f; are the
participation factors of the dominant poles, where

a (b—a) (c—b) (27[—0)
=—, = . = - and =
S 2 % 2z s 2z S 2z
Then the effective dominant pole can be found by
S, = SiSa + foSan +4f3sd111 + fiSaw (4)

B. FEigenvalue Analysis and Equivalent Transfer Function

The Eigenvalues of the four switching modes shown in
Fig. 2 with their dominant poles are presented in Table I.
These values are obtained from Matlab based on
calculation of matrix A for each switching period.

The effective eigenvalue or the dominant pole is
calculated by wusing formula in [11] as follows:
S1=0.14952, £, =0.3504889, f;=0.13851, f1=10.361489,
and sy, = —1850, where the effective transfer function will
be (5).

The transfer function (5) can be reduced to:

F, =0 ©)
(s+1850)

As the other poles are far away from the imaginary axis
of the s-plane and have no effect on the dominant pole of
the circuit. The corresponding time response of this transfer
function is plotted in Fig. 3.
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Fig. 3. Step response of the converter linearized model.

C. Linearized SIMULINK Model

In order to capture system dynamics, a linearized
mathematical model is very crucial to identify system
response and the purpose of the designed controller,
especially if the system has time variant coefficients in the
state matrix A. Linearization of this model is carried out
using a built in function available in SIMULINK software
based on the output and the input nodes that need to be
identified.

III.  SIMULATED RESULTS AND DISCUSSION

A. Effect of Parameter Variation on System Dynamic
Response

Looking at the effective dominant poles, the circuit
remains always stable with some amount of oscillations and
this can be seen very clearly when separation distance
between the primary and the secondary varies suddenly as
this represents the most severe disturbance to the circuit.
This response, as it is shown in Fig. 4, has been captured
when separation changes from 1 mm to 8 mm.

TABLE I. THE EIGENVALUES AND THE DOMINANT POLES OF THE FOUR
MODES OF SWITCHING.

Mode Eigenvalues Dominant pole

[-1.0057
-2.1058
-0.0219
-0.0019 £ j0.0103
—0.0000018
-0.0002]x10®

sq1=—180

[-1.0057
~0.0005 £ j0.0159
I —0.0124 + j0.009

—0.0000018
-0.0001]x10®

Sdair = -180

[-1.2649 +j1.289
—0.0111 +1.8091
-0.0015 = 0.1
—0.009974]x10°

1 Saur = —9974

[2.1058

-0.0195

v —0.0031 £,0.0147

—0.00000077 +,0.001
-0.000164]x10°

Sary = —16400

This figure shows the three stages of how this circuit
builds up its magnetic flux first, when separation changes
suddenly and finally at steady state. But practically this
change takes some time so the response stays similar to that
obtained in Fig. 3 or, in more detail, as in Fig. 5 where the
separation distance is changing to different values
repeatedly. This figure shows the responses of v, (voltage
across capacitor 1), v; (voltage across capacitor 3), Iy
(Inductor current), v, (voltage across capacitor 4), I,
(primary side current), M (the mutual inductance), and
efficiency respectively.

B. Improving Converter Efficiency

To keep the converter efficiency relatively high is a real
challenge to such a circuit with already chosen resonance
frequency. One of the suggested methods to improve its
efficiency is by changing the frequency and/or the duty
ratio of the two switching devices but this entails the
change of capacitor C; value to ensure resonance as well as
changing the values of capacitor C; and C, to maximize its
efficiency.

If we assume that there is no control access to the
receiver side (RS) of the converter, it is better to
concentrate on its transmitter side (TS). We have tried to
change the values of capacitors C; and C, simultaneously
with the change in separation between the TS and the RS.
C, is increased to 70 nF and C, is increased to 64 nF with
the change occurring in the separation. The responses look
promising as a higher efficiency (90-98%) was achieved
compared with what was obtained by Luk, at el [5]. Fig. 6
shows the efficiency achievement when the C; and C, are
allowed to change simultaneously with separation change.
In contrast to that very good achievement in efficiency, the
change of frequency alone has a bad impact on circuit
efficiency even if capacitors are changed accordingly. For
example, if frequency is changed to above or below the
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Fig. 4. Time response of the converter when separation changes from 1
mm to 8 mm, V1 (voltage across capacitor 1), V2 (voltage across
capacitor 2), V3 (voltage across capacitor 3),

V4 (voltage across capacitor 4), M (mutual inductance). .
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Fig.5. Time response of the converter when separation distance changes
for different values.

operating frequency of 200 kHz, the result will not satisfy
the required performance. For example, for 160 kHz with
the required change in capacitor values the obtained
efficiency is very poor (the highest reached is around 24%)
as this is shown in Fig. 7. But if duty ratios of the two
switches are changed simultaneously with the change of
frequency as well as altering the delay angle of switch 2
without changing the values of capacitors 1 and 2, the

Time (sec.)

Fig. 6. Effect of changing C, and C, on efficiency.

efficiency starts to improve as shown in Fig. 8, assuming
fixed separation distance at 3 mm. This is confirmed by the
practical tests carried out in the laboratory.

C. Maintaining Constant Voltage and High Efficiency

Fig. 9 shows the achievement of almost constant output
voltage and high efficiency when separation distance
changes and tuned capacitors C; and C, are used
simultaneously with the change of separation between the
transmitter and the receiver.

To verify the simulated results, an experiment was set
up as shown in Fig. 10.

As can be seen, the class E? converter used in this work
consists of class E zero-voltage switching (ZVS) and zero-
derivative voltage switching (ZDS) inverter with an infinite
DC-feed inductance, an inductive link consisting of
primary and secondary coils separated by certain air gap
and a voltage driven class E ZVS rectifier. The inverter and
rectifier switches are named Q; and Q, respectively. The
ZDS in a class E inverter means that the first derivative of
the voltage across switch Q; is zero at the moment it is
switched ON, which in turn results in zero-current
switching. The switches are driven at the same switching
frequency, but at different duty cycles. The converter used
in the laboratory was connected to a nominal load of 10 Q,
had a coupling coefficient of 0.50 and a 200 kHz switching
frequency.

The duty cycle D; was set to 0.50 and the one-shot
timer was set to produce a 2.56 s pulse corresponding to a
duty cycle D, of 0.51.

The practical and simulation results which show lower
efficiencies occur when separation distance between the
two coils, selected capacitors values or switching
frequencies are not the optimal ones. This converter
achieves higher efficiencies at larger separation distances
between the two coils by using properly chosen capacitors
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Fig. 7. Effect of frequency change on circuit efficiency.
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Fig. 8 Results of the converter when f=217.243 kHz, R; = 10Q,
D, =0.444, D, = 0.501, delay angle of switch two =229.982, k= 0.55.

C; and C, as shown in Fig. 9 between the times of 0.01 to
0.0145 second.

IV. EXPERIMENTAL SETUP AND VERIFICATION

The experimental setup is shown in Fig. 10. It was
concluded that the circuit can achieve high levels of
efficiencies if the frequency, duty ratios and delay angles of
the two switching devices can be altered dynamically. This

Time (sec.)
Fig. 9. Results for the converter with the aid of the PI controller.

Electronic Load

Primary Coil

Fig. 10. Photograph of the experimental setup.

demonstrated which approach can be adopted with less
cost. As can be seen in Fig. 11, the simulated and measured
results are in good agreement.

V. CONCLUSION

A dynamic analysis model of the E* converter has been
presented. The results suggest that the switching process of
the MOSFET devices does not endanger stability of the
circuit but changing frequency or duty ratio drifts the
converter to operate at low efficiencies and cause operation
instability.

Interestingly, it was found that the dynamic change of
TS capacitors with the aid of a PI controller has achieved
higher efficiencies and maintains constant output voltage.
The feedback signal for the controller that is extracted from
the available measurements in the transmitter side of the
converter adds new feature for the system to be cost
effective and robust and preferable for many applications
where access to the receiver side of the converter is
impossible or costly. The proposed work also suggested
further development in the area of optimally self-tuned
regulators of such type of WPT devices. This can be done
by changing the capacitors in the transmitter part
dynamically with the change in separation distances. The
results confirmed that this produces almost constant output
voltage and increased the efficiency in the proposed model.
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Fig.11. Simulated and measured efficiencies of the experiment setup.
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