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ABSTRACT OF THESIS

Load Voltage Regulation via Transmitter Power Supply Control

for Wirelessly Powered Biomedical Implants

by Nabil Mohammad

Thesis Director: Dr. Laleh Najafizadeh

Wireless power transfer (WPT) via inductive links has been an attractive solution for
powering biomedical implants. Due to the nature of the human body (e.g. body
movement or changes in the biological environment), however, the transmitter (TX) and
receiver (RX) coils involved in WPT are prone to misalignment, causing variations in the
coupling factor. The variation in the coupling factor results in variations in the voltage

that is delivered to the load on the receiver end.

A solution to the problem of load voltage variation is to employ negative feedback on the
transmitter end. Towards this goal, a feedback control architecture is proposed for the
regulation of the load voltage under coupling variations. It is shown that by controlling
the power supply on the transmitter end, through voltage-mode feedback control, the load
voltage can be regulated. In the design of the controller, the open-loop system of the
power control unit and WPT system have been taken into consideration. Theoretical
derivations are presented and the validity of the proposed concept is investigated using

simulations.
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Chapter 1

Introduction

Ever since the rise of electronic biomedical implants, one of the many primary challenges
faced by engineers and scientists was maintaining the implanted device’s battery life or
power level. It is obvious that once a patient’s device implant runs out power, it would be
a nuance to repeatedly have to perform the surgery to replace the battery; as this would be
costly, inconvenient and pestering to the patient’s well-being. Clearly, an ideal solution
would be without having to tamper with the body at all, and this is where the wireless

power transfer (WPT) technique comes into play.

Wireless power transfer is typically achieved using non-radiative techniques such as
inductive coupling between coils of wire, or capacitive coupling between electrodes [1]. In
either case, the coupling between the transfer links introduces a wide range of
complexities since it’s this coupling factor that directly affects a WPT system’s ability to
perform robustly and efficiently. Biomedical implants typically rely on inductive coupling
to transfer power through the skin, meaning that the implant is integrated with a receiver
coil that receives power via magnetics fields generated by the transmitter placed outside
the body. But due to the dynamic nature of the human body (muscle movements or
misplacement), these coils are prone to misalignment and therefore their coupling, denoted
as a coefficient k, will not be stable. This coupling variation leads to voltage variation
across the receiver coil and directly impacts the power delivered to the load. A widely

used method to combat this issue is to integrate feedback through wireless communication



links or telemetry [2], [3], [4], [12], [22], and [23]; the load voltage is detected and sent to
the transmitter-side as a feedback signal. With this feedback signal, a controller can
determine whether to increase or decrease the power emitted from the transmitter and
eventually regulate the load voltage. Not only does the misalignment affect the load
voltage, but also effects the performance of the WPT system. Typical WPT structures
utilize a class-E amplifier to drive the transmitter coil because of their high efficiency [6].
But because the amplifier’s optimal condition relies highly on the impedance of the load
network, any variations in the mutual coupling between the coils can cause the amplifier
to operate in non-optimal conditions, leading to power loss. To combat this, parameters
such as operating frequency, duty-cycle, or component value can be tuned to compensate
this coil misalignment [3], [5], [9], [10], [11], [25], [26]. Efficiency loss and load voltage
regulation are two problems that can be dealt independently using parallel compensation

or tuning techniques; in this paper, we will focus load voltage regulation.
1.1 Motivation and research objectives

Coil misalignment can be detrimental if the unit to be powered is for example a
pacemaker; if not enough power is available, the device cannot guarantee proper
functionality. The methods in [2], [3], [4], [12], [22], and [23] tackle the problem of load
voltage regulation by using telemetry to obtain information about the load voltage and
accordingly adjust the power amplifier’s supply voltage until the desired load voltage level
is met. Although the methods introduced are promising, they don’t take into account the
open-loop transfer function of the power control unit (PCU) or the WPT system in their
controller design. The goal of this work is to come up with a robust power supply control

architecture that utilizes linear feedback control to compensate for the effect of coil



misalignment on the load voltage. Like all linear controllers, they must be designed based
on the open-loop transfer function of the system. Therefore an open-loop transfer function
must be obtained, relating the control input of the PCU to the load voltage level on the

secondary-side.

1.2 Organization of the thesis

Chapter 2 discusses the operation of the class-E amplifier, its place in WPT systems

and previous implementation of power supply control in WPT systems.

In Chapter 3, the proposed power supply control architecture is presented along with
analysis regarding obtaining the transfer function of the open-loop system. The design of

the controller is also discussed.

In Chapter 4, a simulation model is presented with results validating the open-loop

transfer function and demonstrating load voltage regulation.

Chapter 5 concludes the thesis by presenting an overview of contributions and

discussing directions for future work.



Chapter 2

Wireless Power Transfer System and Control

Wireless power transfer is a suitable solution for powering biomedical implants. In this
chapter, the architecture for a WPT system utilizing a class-E amplifier is presented. The
misalignment issue and its effect on power delivery are discussed. And lastly a literature
review of the techniques used to compensate the effects of misalignment on the load

voltage is also provided.

2.1 Wireless Power Transfer (WPT) System

A wireless power transfer system utilizing inductive coupling links generally consists of a
transmitter unit (TX) and a receiver unit (RX). The job of the TX is to convert a battery’s
DC supply to an AC signal to drive the transmitter coil, inducing a time-varying
electromagnetic field. This field is picked up by the receiver coil, inducing a current
which is then converted back to DC using rectifier circuitry to power the system on the

RX end (e.g. an implant). The structure is shown below in Figure 2.1.

RECTIFIER
TX COIL RXCOIL & FILTER

= g) (B = |=% % Lo

DC
SUPPLY

Figure 2.1. Typical structure of a WPT system utilizing inductive coupling links.



The power amplifier (PA) is used to convert DC power to AC power. Typical inverter or
switching amplifier topologies used to achieve this conversion are H-bridges, class-D
amplifiers, and class-E amplifiers. Switching amplifiers differ from their linear
counterparts in that they are highly efficient [6]. In wireless power transfer systems, the
class-E amplifier is mostly selected due to the fact it only requires a single transistor. In
the following section, the operation of the class-E amplifier will be discussed with the
intention of grasping its functionality and place in the WPT structure. The derivation and

analysis of its operation can be found in the following references [5] and [6].

2.2 The class-E amplifier

High efficiency amplifiers are notably implemented using switching topologies [27]. The
class-E power amplifier (PA), introduced by Sokal [6], is of the switching amplifier
family. It is regarded for its high efficiency in converting DC power to AC power. Figure
2.2 illustrates its topology. The MOSFET of the amplifier is typically regarded as an ideal
switch with no drain-to-source ON resistance and conducts at a 50% duty cycle at an

operating frequency of /..

Ipc
LC 10K¢e
hok ., (t) Le G L,
Vop C*) 2V rsso—] v
E L(1) T(t)’
| — R ° I,(O< R
r T ’ s

Figure 2.2. Typical configuration of a class-E power amplifier.



Devices acting as switches commonly suffer from efficiency loss due to simultaneous
presence of current and voltage during switching transitions between “on” and “off”
states. This is due to the intrinsic output capacitor of the MOSFET storing and dissipating
energy every switching interval; this switching loss increases linearly with frequency
[28]. In this topology the intrinsic output capacitor is absorbed into the shunt capacitor
Csh Lenoke 18 seen as an infinite impedance at the operating frequency f. and all other
harmonics so that Ipc is ideally a DC current. 7,(¢) represents the load current and is
purely sinusoidal assuming C, and L, form a high Q series resonator at f;. So the current
flowing into the switch-capacitor combination is a sinusoid with a DC offset, denoted as
L(t) = Ipc + 1,(f) [27]. When the switch is off, initially starting at ¢ = 0, the current
flowing through the switch is zero. When the switch turns on at t = 7,/2 (where 7. is the

switching period), the current flowing through it can be expressed as

L, () = 1,(0) = Ipc(1 + asin (w1 + @) (1)

where the sinusoidal component is

1,(®) = Ipcasin(w .t + @) . (2)

Earlier it was said that during the switch off interval, the switch current is zero; instead
L(¢) will flow entirely into the capacitor Cy, and charge it. The voltage across it can be

expressed as [27]

1 ! I
Vpr(t) = C—hflx(t) dt = a)Dgh(l +a(cos(w t+ @) - cose)). (3)
s 0 cvs

The class-E method is to have the drain-to-source voltage Vpg(f) be driven to zero right

before the “on” state. From equations (1) and (3), it is evident that I,,(¢) and Vpgr(?)



depend on the phase and amplitude of /,(¢). By tuning the load network, the amplitude «,
and phase ¢, of 1,(f) can be adjusted and a condition can be met where the voltage across
Cy, 1s zero prior to the “on” state (4). This condition is known as zero-voltage-switching
(ZVS). Not only the voltage but the capacitor current can also be driven to zero to

maximally guarantee a zero voltage slope prior to the “on” state (5). These conditions are

expressed by
T.
Vbr (f = _c) =0, 4)
2
dVDR _ Tc _
a(=3)=0 ®

where T, is the switching period, # = 0 is the initial turn off time and ¢ = 7,/2 is the initial
turn on time. In [27] it is shown that the value of a and # needed to manipulate /,(¢) and

achieve ZVS, comes out to be

T
a=[1+7, (6)
_12
@ = tan ; (7)

Figure 2.3 shows the waveforms of the switch current /,,(f) and Vpg(¢) under the ZVS

condition.

Under ZVS the class-E amplifier has zero switching loss, and assuming there is no
conduction loss or parasitic resistances in the passive elements, the amplifier has an
efficiency of 100%. This is the main advantage of the class-E switching amplifier over its

linear counterparts. The above discussion provides a brief explanation of the operation of



the class-E amplifier; the actual derivations and analysis of the operation of the class E

amplifier can be found in [6], [7].
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Figure 2.3. Conceptual waveforms of 7;,,(¢) and Vpr(¢) under ZVS condition.

2.3 Class-E amplifier in a WPT system

Lchoke

oo () =

Mnr | ——Cu L Ly == Cr S Rioad

Figure 2.4. WPT system with class-E PA driver.



In Figure 2.4, we can see the class-E amplifier acting as the main driver for the WPT
system. The load network simply comprises of a transmitter coil L, mutually coupled with
the receiver coil L, which is tuned to resonate at the carrier frequency f; with the parallel
capacitor C,. R;,,q Will serve as the load of the system; it is the voltage across this element
which we desire to regulate. Since our load isn’t simply a resistor and an inductor but
rather a primary coil L, mutually coupled with a parallel resonance circuit via the
secondary coil L, we must design the class-E amplifier around the real and imaginary
components of the total impedance Z(jw.) where . is the frequency of operation of the
class-E amplifier. This impedance can be conceptually seen in Figure 2.5.

ijgg(o),k)
i — 00—

| L Lr == CJ‘SRload —> 5 Zreall k)

Z(ie)

Figure 2.5. Total reflected load impedance Z(jw) simply seen as an inductor and a resistor.

The total impedance is equivalent to,

Z(jo) = ((Rioaa || Zcr + Zn)||Zm) + Znmt (8)
where
Zeyr = .;, )
JjoC,
Ly = jo(Ly - Ly), (10)

th :jw(Lt - Lm)' (1 1)
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L,=kJL.L, (12)

and L, being the mutual inductance between L, and L, where k is the coupling factor

ranging from 0 to 1, with 1 being ideally coupled.
2.4 Coil misalignment

One major problem with wireless power transfer is the changes in the power delivery due
coupling variations. In the case of wirelessly powered biomedical implants, the coils are

most susceptible to misalignment because of muscle movements or misplacements.

Angular Lateral Angular and Lateral
A A A
o
] i ’
RX Coil A RX Coil RX Coil
o > >
TX Coil TX Coil TX Coil

Figure 2.6. Coil misalignment can be angular, lateral, or both [8].

Changes in the coupling factor leads to changes in the load voltage [5] which can have
detrimental effects. For example, if the coupling is too strong and too much power is
being delivered to the secondary coil, the coil can start to heat up due to parasitic
resistances. On the other hand, if the coupling is too weak, then not enough power can be
delivered to sustain proper functionality of the implant [2]. So being able to tune and

control the load voltage under coil misalignment is desirable. In terms of wireless power
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transfer coils, this coupling coefficient is dependent on the geometrical placement of the
two coils with respect to one another [8]. In Figure 2.6 it is shown that there are typically
three forms of misalignment; angular, lateral or a combination of both. Angular
misalignment occurs when both coils are centered along the vertical axis and one of them
is tilted by an angle 6. Lateral misalignment occurs when both coils are parallel to each
other, but their center locations are displaced laterally by a distance w. Since the
impedance Z(jw) is dependent on k, any changes in the coupling factor could cause 7,()
to change, which would thus cause the load peak voltage to change as described by the

equation [5], that is

yzload (]w)’
V =L kJL.Low————, 13
rpeak o rl @ |Zrec(/w)| ( )
. Rload
‘Zload(/w)‘ = ) (14)
\/ 1 +(a)RloadCr)2
ZyecG2) = R, jIm,, (15)
R
Rr: load (1 6)

A 1+ (a)RloadCr) ’

L,-R
Im,= a)( 4

2
load CV )
1+(Q)Rloadcr)2 '

(17)

where |Z;,,,(jw)| is the load impedance comprising of Z¢, and Rjy.4 and |Zrec(jco)| is the
total impedance of the receiver [5]. But it is not only the load voltage regulation that is of
concern, coupling also plays a role in the efficiency loss of the entire system. One

important thing to consider is that since Z(jow) changes with coupling, the ideal or optimal
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operating condition of the Class-E amplifier will be thrown off balance. When this
happens, the ZVS condition will not be met thus causing inefficient power dissipation in
the FET and requiring the tuning of parameters to compensate for this misalignment.
Research has been done to combat this problem of efficiency [3], [5], [9], [10], [11], [25],
[26]. That being said, it is still in our best interest to have a technique that will deal with
the efficiency and peak regulation simultaneously when designing a system. A wireless
power transfer unit that regulates the load voltage but doesn’t correct itself for efficiency
undermines the use of a highly efficiently inverter such as the class-E amplifier. But
again, since compensation for the class-E amplifier’s efficiency is beyond the scope of

this thesis, we will only deal with peak regulation.

2.5 Load voltage regulation work review

Several techniques have been proposed to combat load voltage regulation. Although
efficiency loss is usually compensated through duty-cycle control, carrier frequency
control and component tuning [3], [5], [9], [10], [11], [25], [26] the load voltage
regulation is most easily achieved through the control of the power supply [2], [3], [4],
[12], [22], [23]. Since the goal here is that the tuning be done automatically through
feedback control, there has to be a way to measure a close estimate of the actual load
peak voltage. In [4], a method is proposed where they measure the power level on the
receiver side and send it to the transmitter side via amplitude-shift-keying (ASK) data
communication through reverse telemetry using load modulation. After some further
processing of this data signal, a binary signal is generated, representing the desired

supply voltage value for compensation. This binary signal is then inputted to a power
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control unit containing a DC/DC converter which supplies the corresponding supply
voltage to the class-E amplifier. The system level diagram is shown in Figure 2.7. The
work also provides feedback analysis in which the system is simplistically modelled as
lumped elements and MATLAB/SPICE simulations are performed showing the response
of the secondary side voltages under a SmA load current change and with various

coupling conditions.

Supply voltage

controlled
DC/DC
UL .
duty-cycle choke G b
control
k 'I Reverse
_| Telemetry
iyt Con L CSRoat G S Rioas
Clock -|_ P reverse data
e Shunt
Envelope| ~ Change in primary
rrad Detector current detected Regulator

Figure 2.7. System level diagram of method proposed in [4].

The work in [23] describes a closed loop wireless power transfer system intended for
stable power delivery to brain implants that involve multi-electrode arrays. Since
overheating in the electronics from excessive power delivery can damage neurons and
cause tissue damage, the power delivery must be controlled. In their design they utilize a
class-E amplifier operating at 13.56 MHz to drive a primary coil which will wirelessly
provide power the implant side via the secondary coil. The coils were fabricated on a
PCB and their characteristics were simulated using the electromagnetics simulation
software, Ansoft HFSS. The system uses time-division-multiple-access to communicate

request information between the transmitter and the implant; this is done by load
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impedance modulation and the information is transmitted along with same coils. The
modulation of the load impedance is done from the secondary side in discrete pulses to
induce a pulse-like change in the primary voltage. A single pulse means that power
delivery needs to decrease and a double pulse means that power delivery needs to
increase. This microcontroller takes in the pulse information via an ADC, and depending
on whether it’s two pulses or one pulse, it respectively increases or decreases the duty-
cycle of the DC/DC power converter, which adjusts the supply voltage of the class-E

amplifier. Figure 2.8 depicts the block diagram.

Double pulses: increase duty cycle

DC-DC Microcontroller W\MMW\W\[

Single pi{]se: decrease duty cycle

L g ADC W\/W\MWWWW

Ct
Vp
13.56 MHz reﬂ)g:zce || receifier]

Clock k netwsrk
1 A’
— o) L; L, Load Modulation

Figure 2.8. System block diagram of wireless power transfer system in [23].

In [12] a similar control topology is considered, except there is a software power control
algorithm present in which the researchers make use of a 12-Bit USB-6008 from National
Instruments for data logging. Similar to the previous example, the load voltage data is
tapped off the secondary side through a peak detector circuit, along with the primary coil
voltage and current. These measurements are sent through an ADC and into the USB-

6008, from which it is sent into a computer running a power control algorithm on
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MATLAB/Simulink. From the computer and into a DAC, a voltage signal is sent into a
buck converter which decides the power supply voltage of the class-E amplifier. In their
experiment, as the receiver coil’s position moved from the left edge to the right edge of
the primary coil in a span of 16 cm, the DC/DC converter generated output voltage from

9.4V to 11.3V to keep the receiver power at 2W constantly. System level design is shown

in Figure 2.9.
Class-E PA Full-Bridge Load Voltage
G Cr Rectifier v v
1 -
Clock C,
Supply —t—
Suaply L L * —— | 2Rious
Buck
Converter| —
Duty Cycle Load Voltage Sense
b Computer
DAC ADC
1 eeo——

MATLAB/Simulink
Control Algorithm

Figure 2.9. System level diagram of method proposed in [12].

In [3], the researchers present an architecture where power supply control is taking place
as well as load compensation for efficiency loss. Based on the load resistance changes,
the change in output power level is detected giving information about the class-E
amplifier’s operating condition and the actual voltage level across the load. For load
voltage regulation, a power control loop adjusts the gate voltage of a pass transistor
which controls the current flowing through the amplifier’s inductor choke. Once the
power efficiency is realizable and measured, a binary command signal is sent to a

capacitor bank unit which then selects the proper capacitor to compensate for the loss in
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efficiency. With compensation, they were able to achieve efficiency levels of around 81%
across various loads, as opposed to an attenuating efficiency from 70% to 20% with no

compensation. Figure 2.10 depicts their proposed control loop architecture.

Voo
AN
I E Pass Transistor
I
Lchoke e

-Ll_L _| éCsh 2¢ SR!oad

h \|

Clock
control gate
voltage vildd
& Coniroller ?< gee?i(cror
+
Vref

Figure 2.10. Power control loop of the proposed architecture in [3].

In [22], instead of a class-E amplifier, a push-pull resonant converter is used to drive the
primary coil. The secondary coil is placed inside the body and receives the power. Then,
using a full-bridge rectifier, AC power is converted to DC power with additional filtering
via an LC network. The receiver side also contains a detection block where the output DC
voltage level is converted into a digital signal through an ADC and after some
processing, is transmitted to the transmitter side using RF communication transceivers.
The transmitter contains a data processing unit that decodes this data and thus providing

the output DC voltage level. This voltage level is then compared with a reference and a
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control signal is sent to a variable DC/DC converter which adjusts the DC input of the
push-pull resonant converter. With this feedback mechanism the output DC voltage is
stabilized under coupling variations between the transmitter coil and receiver coil
implanted in the body. Figure 2.11 illustrates the system level diagram of the architecture.
Experimental data is presented showing the regulation of the output DC voltage to lateral

misalignment between the coils.

Push-Pull Resonant

Supply Voltage  Converter Full-Bridge

Control Rectifier DC OUTPUT
Lp Ls L apc
DC - ) ( —_— J_ |
SUPPLY [ T —I— Dara
Processing
Lc X/'
FILTER FURY
DAC i
L T T T .
]Df‘m ] feedback
rocessing| . .
Vier information

Figure 2.11. Transmitter utilizing a push-pull driver and power supply control [22].

So far, work has been presented where feedback has been performed with some form
telemetry. In [20], it is presented that it is possible to in fact determine the output voltage
with measuring state variable on the primary side. The benefit of this technique is that it
removes the need of telemetry or any RF communication links that use power. The
proposed method requires that all system parameters such as the coil inductances, mutual
inductances, parasitic resistances, and resonant capacitances be known. Doing so allows
the estimation of the load resistance and load power by simply measuring the transmitter

coil’s voltage and current. Frequency tuning control is performed in order to achieve
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optimal efficiency. By using a look-up table, an operating frequency is selected
corresponding to an estimated load impedance which would allow the system to work in
optimal conditions; this solves for regulating efficiency. By estimating the output power
level based the primary state variables, the input power can be adjusted in order regulate
the output power. Although this technique is attractive, it requires that mutual inductance
between the coils be known; and this of course is a much more difficult parameter to

measure.

2.6 Conclusion

In this chapter, the class E amplifier and its role in the WPT system architecture was
presented. Then the misalignment issue and its effect on the load voltage were
introduced. The chapter ended with a literature review of misalignment compensation
techniques for regulating the load voltage under coupling variations. In order to design a
controller based on power supply control, a transfer function characterizing the open-loop
behavior is needed. In the next chapter, a power supply control architecture is proposed to
address the load voltage regulation problem while taking into account the open-loop

transfer function in its controller design.
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Chapter 3

Proposed Load Voltage Regulation Method

As discussed in Chapter 2, power supply control technique is a desirable method for
controlling the load voltage under coupling changes. If changes in the coupling
coefficient cause changes to the load voltage, the supply voltage can be tuned to

compensate for this change accordingly.

In this chapter a feedback control architecture is proposed for load voltage regulation
problem. Because a feedback controller cannot be designed without knowing the transfer
function of the open-loop system, the transfer function of the open-loop system is first
analytically derived. Once the open-loop transfer function is obtained, the design of the
controller is discussed. Although efficiency concerns are beyond the scope of this thesis,
a brief discussion is made regarding the regulation’s effect on the efficiency of the boost

converter.

3.1 The open-loop system

In order to change the initial value of the DC supply voltage to a new voltage value, a
switch-mode DC-DC converter would work best. Switching regulators have an advantage
over the linear regulators in efficiency performance; although linear regulators are less
noisy since they are DC coupled [13]. The most suitable switching topologies for this

application would be buck converters and boost converters. In the proposed method, a
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boost converter will be used. The output of the boost converter is connected to the supply

end of the class-E amplifier, as shown in Figure 3.1.

Ly

/500 L
v, —”E ¢, ==

L
choke c,
Vor(f) 11 Vr()

Ut _l E — Cu L;

Lr :: Cr;R[gad

Figure 3.1. Boost converter is used to control the class-E PA’s supply rail.

By varying the boost converter’s PWM signal’s duty-cycle D, the supply voltage Vpp can

be tuned as according to (18),

Vop =Vin (%) (18)

This equation assumes 100% efficiency and that the components of the boost converter
are ideal (i.e they don’t contain any parasitic resistances). Figure 3.2 shows conceptually
how variations in D, leads to variations in Vpp, which ultimately leads to variations in
Vr(?). One important thing to keep in mind is that we desire to control the amplitude or
the peak of the load voltage. Therefore, knowledge of the instantaneous voltage is
unnecessary because the load voltage is to eventually be rectified and filtered, leaving

only a DC voltage supply for the implant.
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The operation described above is for the system functioning in an open-loop
configuration. Given we know our desired and measured load voltage amplitudes, and
that our plant model is controllable through adjusting the duty-cycle, we now have our

control problem.

D(r) vpo(t)

A A

D ——— P VDD

Figure 3.2. Idealized waveforms characterizing peak/envelope control.

3.2 Load voltage regulation via linear feedback control

Switch-mode power converters are commonly called switching regulators because they
utilize feedback control to stabilize their output voltage. The control architectures
commonly used are voltage-mode control and current-mode control, with the latter being
the most popular. If we take a boost converter for example, the output voltage under
loading generally droops depending on the time constant between the output capacitor
and the load. In order to stabilize or regulate this output voltage at a desired reference, a
error signal is first generated via comparing the actual voltage to this desired voltage. The
error signal is then fed into a controller or linear compensator to which it becomes a
control signal corresponding to a particular duty-cycle. For example, if the error is
positive (i.e the output voltage is less than the reference), the higher duty-cycle from the

pulkse width modulated control signal results in increasing the output voltage, and thus
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we have feedback. The system-level diagram of this opertion typically known as voltage-

mode control, is shown in Figure 3.3.

c(?) e(?)
i C(s) Vipeai(t)

Controller

AN -

Figure 3.3. Basic architecture of PWM voltage-mode control.

Pulse-width-modulation (PWM) is achieved using a comparator where inverting input is
fed with a ramp or sawtooth voltage, and the non-inverting is fed with the control signal
c(f). The duty-cycle of the PWM signal is linearly related to the amplitude of the control
signal. If we were to cascade the WPT system to the end of the boost converter, we
would get our original power supply control architecture. Just like how we did with the
boost converter alone, it is possible to regulate the load peak voltage of the WPT system
using voltage mode control. If the coupling between the links decreases, the decrease in
load peak voltage corresponds to a positive error signal, thus increasing the boost
converter’s PWM signal’s duty-cycle which would then increase the supply voltage.
Using this simple voltage-mode control, load peak regulation is possible. Figure 3.4

depicts the full closed loop architecture.
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Figure 3.4. WPT system utilizing voltage-mode control.
This is a very general and system-level design of the control system since it doesn’t take
into consideration the transportation delay or time lags associated with carrying the
feedback information from the receiver side to the transmitter side. For system-level
modeling purposes, the propagation from capturing the envelope load voltage Vpeur(?)
from the receiver side to transmitting it to the transmitter side as a feedback signal is

portrayed in Figure 3.5.

Vrpeak (f) Vﬂpmk(f)

Vipeak(r)

-

feedback to error

" ] esT
amplifier

Ix/Rx Communication Links

I

Figure 3.5. Modeling the feedback sensing transport delay.
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There will be some time delay 7 between sending the information from the receiver to the
transmitter using some form of communication protocol. So the time delay can be
modeled in its Laplace form as e*’ where T is the time delay [2]. This property is
important for controller design, but for the sake of simplicity it will ignored in the
transmission loop. The peak detector’s op amp in Figure 3.5 is assumed to be supplied by
the rectified and filtered DC voltage. Assuming a full-bridge rectifier is used, and that
each diode contributes a 0.7V voltage drop, the supply rail of the peak detector’s op amp
will be equal to Ve — 1.4V because the full-bridge rectifier contributes two diode
voltage drops. The problem with this is that the input is now larger than the supply rail
voltage. In order to fix this issue, a high impedance voltage divider network can be used
to sample a lower voltage into the non-inverting input of the op amp. This way, the non-

inverting input voltage can be set so that it is always lower than the supply rail voltage.

Another problem is how the variation in delivered power can impact the performance of
the op amp. In addition, before designing the receiver-side sensing circuitry (including
the RF communication link), the designer must know the power delivered to the receiver-
side under the worst-case scenario. This worst-case scenario translates to the weakest

acceptable mutual coupling for a given WPT application.

Now that we have the power supply control architecture in place, the compensator must
be designed in accordance to the gain and phase information of the open-loop system
relating the duty-cycle variation d(s) to the load peak voltage variation V,eu(s). In the

next section, we will try to obtain an approximate transfer function relating d(s) to

Vrpeak(s ) .
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3.3 Obtaining the open-loop transfer function

For the controller design, a controller or compensator cannot be designed without
obtaining the gain and phase information of the plant model. We can see that the input of
our plant is the PWM signal into the gate of our boost converter, and the output is the
envelope of the load voltage on the secondary end. In this section we will try to come up
with an appropriate transfer function that models the variations in the duty cycle of the
PWM control signal with respect to the AC variation of the envelope of the load voltage,

as depicted in Figure 3.6.

D) L D vop(t)
Y

Lechoke
Vor(t)

G
V(D)

e, 1
L %L, _|_ G%Riamf

Figure 3.6. Open-loop system or plant with the input d(¢) and output V,,cq(?).

Plant Model

The first step is to find the transfer function that relates the AC variation of the control
input (i.e. the duty cycle) of the boost converter to the envelope of Vpg(f) or the voltage at
the drain of the class-E amplifier’s FET. We first look at deriving the small-signal model
of the boost converter. For a given or desired input and output DC voltage, and a duty
cycle, any AC variation in the duty cycle d(s) should induce an AC variation in the boost
converter’s output voltage v;4(s), and the magnitude and phase relation between these two

variables is described through a model, usually noted as the control-to-output transfer
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function G,4(s). Since this system is non-linear due to the switching behavior, an
averaging or linearization technique is used where all the switching harmonics in the
states are removed by averaging the waveforms over a switching period or interval Ty,,.
This linearizes the system, and it’s now possible treat it as a linear time invariant system.
The derivations of the transfer function of switch-mode converters using this technique
are described more analytically in [14]. The transfer function of the boost converter is

obtained as (a two pole system),

1=

o
Gya(s) = Gao . 2 (19)

1 + QCOO+ (CU_())
where,
Gap = Vo 20
1-D

wy = , (21)

Q=UDMf%&b, (22)

and the right-hand zero located at,

(23)

But in this model, the assumption is that the output of the boost converter is purely
resistive. Since we’re loading the boost converter with the supply end of the class-E

amplifier, we will have a complex impedance looking into the load. Looking into the
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supply end of the class-E amplifier, the load to the boost converter can be simplistically
modeled with a series combination of the RF choke inductance L. and a DC resistance
Ri. = Vpp/Ipp. For a class-E amplifier operating under optimal conditions, R, =
1.733Z,ca(w k) [7]. This forms a single pole low-pass filter in the modulation path [7].
Figure 3.7 shows the boost converter with the complex load. Since Ry is the effective
resistance across the class-E amplifier’s MOS drain, its DC voltage can be represented as

the average of the drain voltage Vpgr(?) [15].

D VDD(U Lchoke
g1\ <! rEEH

UL
V;’N ¢ _| E Gy p— Rdc 5 Vavg(y

Figure 3.7. Boost converter with a complex load (L and Ry.).

The average of the drain voltage V,,,(¢) is expressed in (24) and conceptually shown in

Figure 3.8.

1 t
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Figure 3.8. V,,4(?) is the effective voltage across Ry,.

So the load of the boost converter is effectively a series combination of Ly and Ry.

Using the same linearization technique used in [14], [16] derives a small-signal model of a
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boost converter but with a complex load impedance conveniently consisting of a resistor

and an inductor. The control-to-output transfer function is obtained as

P(S) _ Vdd(s) _ (S - C02]))

where, neglecting parasitic such as the DCRs in L, and Ly, and the ESR in C,

W = Rdc
: Lchoke ’
_|a-Dy
@0 L,Cp
Ly

¢ = ,
J%Q%ﬂﬂf

and a zero presented at

Rg(1- DY

., = .
¥ Lb - (1 - D)chhoke

Lastly the low-frequency gain is found as

_ w5m Vo
*" w.,(1-D)’

ds) " (stw))(s2+28mgst+w])’

(25)

(26)

27)

(28)

(29)

(30)

It 1s evident from (25) that the boost converter with the complex load contributes three

poles, and one zero. This transfer function P(s) only relates d(s) to Va(s); what is of

interest is the small-signal component across R or v,,e(s). This is easily obtained by

P(s) = P(s)

S )
— +1
w1

€1y
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where P(s) = Vag(s)/d(s).

Now that we’ve reached this far in our modulation path, lastly, a function relating v,g(s)
to the load peak voltage V,,cu(s) is needed. Taking a very rough approximation, since the
class-E amplifier performs reasonably well as a linear amplitude modulator [10], the
transmission between Vu,(f) to Vyea(f) can be seen simply as a gain. This gain can be
obtained by first finding the function relating the fundamental component of the drain
voltage to the voltage across the real component of the reflected impedance looking into
the primary coil L, [5]; the real and imaginary components will be denoted as Z,..(w,k)
and Zju.g(w,k) respectively and the modulating amplitude across Z..(w.k) as Vi)
Ximag(®,k) 1s equal to Z.q(@,k)/w and represents the reflected inductance value. Since this
reflected impedance is in series with C;, it forms a series-tuned R-L-C network which has a
2"_order transfer function K, (jw); Figure 3.9 depicts the WPT system where the load

network is roughly approximated.

Lenoke
Cr meag(m, k)

"o (_) |
ﬂ—r_l E Csh Zreallwn, ) S V(1)

Figure 3.9. Load network seen as equivalent impedance comprised of Z,.,(,k) and Z;,,.4(,k).

The design equations of the class-E amplifier must be designed around this load network.
In Chapter 2 it was discussed that an extra inductance is added in series to introduce a
current lag to fulfill the ZVS condition. This extra inductance 1s absorbed into Xj,q.(w.k),

so only a part of Xj,..(w,k) is precisely resonance-tuned with C; at the frequency f..
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From this transfer function K.(jw), the gain or magnitude from the drain to Z,..(w.k) at o,

is[7],

7 10)
|KC(]wc)| - X_real . P 7 jl .C 1 . (32)
TN X, e T T

The equation relating the current amplitude through Z,..(w.k) to the voltage amplitude
across Rjpqq 1s described in (13). Since we want to relate the voltage amplitude across to

Zreai(®, k) to the voltage amplitude across Rj,.q, We can arrange the equation as

|Zload(iwc)| >, (33)

Vrpeak(t) = Vt(t) (kwc\/ LrLtZ [(CO k)lZ (]C() )l
rea ¢ rec c

where V() is the modulating amplitude of V,(¢), and V,,cu(?) is the modulating amplitude
of Vx(t). Zload(jwc) represents the load impedance at the receiver, and Z,ec(icoc) as the

receiver’s total impedance. Multiplying out (32) and (33), we can simply approximate that

the relation between vzq(s) to Vipeur(s) as a gain K,

Ko=chOwc)|<kwcm Erealio, )| ) (34)

Zreal (wc’ k) |Zrec (]wc) |

Taking the single-pole filter into account and combining the transfer functions, we get that

the open loop system is approximately

Vr ea =
A,(5) = ’;T")(S) ~ K,P(s) . (35)

Now that we have obtained the transfer function relating d(s) to V,ea(s), we can now

move onto the design of the controller, which will be discussed in the next section. One
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disclaimer to note is that this transfer function is dependent on the biasing of the system;
as k and D change, the entire transfer function changes. In addition, due to coupling
variations, R;. changes as well. So this controller should be designed for a bounded
variation in coupling; if the coupling is drastically off from the bias, the controller may not
keep up with the phase lags introduced by this new open-loop transfer function, thus

risking instability or oscillation.

3.4 Linear controller design

Now that we have a good model characterizing our open-loop envelope control, we can
move on to addressing the controller design. To avoid oscillations or instability, the
controller or compensator must be designed such that the transmission loop function 7(s)
meets the simple phase margin criterion [17]. Assuming there is no significant time delay
in the data transmission between the communication links, we can model the control
system block diagram as shown in Figure 3.10, where C(s) is our controller. The
measured envelope i1s compared with a desired reference to generate an error signal e(s).
This error signal is then fed into the controller to generate a small-signal control signal
d(s) which is to be coupled with a nominal bias duty cycle to form our PWM signal for
the boost converter. The feedback works as such; if the peak envelope voltage increases
slightly due to a coupling change, this measured envelope will be compare to the desired

reference and generate a negative error, which corresponds to a negative control signal.
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Figure 3.10. Closed-loop diagram for small-signal analysis and controller design.

This negative control signal summed with the bias duty cycle will drive the PWM signal
to a smaller duty cycle which lowers the supply voltage and thus lowers the peak
envelope voltage. This works vice versa for decreases in peak envelope voltage. The
Vref(s) and Dpq(s) are the small signal components of our desired reference peak envelope
voltage and nominal duty cycle, respectively. Hence, their values must be zero since they
only consist of their DC terms and take no part in the controller design. Also, intuitively
it should be evident that since we want no variations in the envelope output, our desired
envelope must be a constant DC component. Our transmission loop function 7(s) is now

equal to

T(s) = C(s) Ao(s). (36)

Where our closed loop transfer function is

T(s)
1+7(s) ~

Ae(s) = (37)



33

And in order to meet the stability criterion, the loop gain |7(s)| must be lower than 0 dB at
Z£T(s) = 180° for the system to be stable and exhibit no oscillations or positive feedback.

So depending of the open loop plant 4,(s), the controller must be designed accordingly to

meet the stability criterion.

Analytically designing C(s) through techniques such as pole-placement or root-locus can
be cumbersome by hand. Luckily MATLAB’s Control Systems Toolbox contains a very
useful PID tuning GUI, where by providing the open-loop transfer function or (35), the
designer is given the K,, K;, and K, values in respect to a desired closed-loop step

response.

3.5 Effect on efficiency

Although this regulation technique does nothing to compensate for the efficiency loss in
the class-E amplifier, it still plays a role in the efficiency of the entire system. If the
coupling deviates far from the nominal coupling, more control action is needed by the
boost converter. For example, if a large change in coupling causes the load voltage to drop
drastically, the duty cycle will be driven to a higher value leading to more conduction loss
in the boost converter’s MOSFET. The MOSFET conduction loss contributes the largest

component loss in switch-mode power converters and can be described approximately as

Pcon = IingDS(ON)Dl (38)

where 1,,, 1s the average MOSFET current and Rpson) 1s the intrinsic drain-source ON

resistance [21]. So the battery source must be chosen wisely so that high duty-cycles value
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isn’t generated; the system should be biased properly such that only a little control action

is required.

3.6 Conclusion

In order to design a controller for the WPT system an open loop model must be obtained.
In this chapter, we derived the open-loop transfer function, which can be used to design
the controller. In the Chapter 4, we will present the simulation results for both the open-
loop and closed-loop system to validate the theoretical derivations and the efficiency of

the proposed technique in load voltage regulation under misalignment.
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Chapter 4

Simulation Model and Data

In Chapter 3 the proposed architecture and its operation was discussed and a
transfer function was derived. Now that the theory is in place, in this chapter, a Simulink
model is presented along with simulation results to evaluate the regulation in action. A
comparison between the theoretical derived transfer function and a simulated transfer
function for the open loop system is also shown in order to validate that theoretical
derivation closely models the transfer function of the open-loop system. The response of

the controller to variations in the coupling coefficient is also investigated.

4.1 Simulink model

After obtaining the open-loop transfer function 4,(s) we must first verify that it’s
an approximate model through simulation. An ideal model was built in MATLAB’s
Simulink using the Power System Toolbox, which gives access to components such as
MOSFETs, ideal diodes, and passive components. The component values chosen for the
class-E amplifier were based off of design equations from [7] and are shown in the table
4.1 along with the chosen boost converter component values. The system was designed at
a carrier frequency of 6.78 MHz in the ISM band, typically allocated for medical

applications, among many other applications [18].



Table 4.1

Parameters of The Boost Converter

Parameter Value

Operating Frequency 500

Sow

kHz

Bias Duty Cycle D 0.5

Input Voltage V;, L5V

Output Voltage Vpp 3V

Inductance L, 2.7uH

Output Capacitance | 60uF

Ch

MOSFET’s RDS(ON) 0.05 8

Table 4.2
Parameters of The WPT System
Parameter Value
Operating Frequency 6.78 MHz
Je
Bias coupling 0.2
coefficient k
Shunt Capacitance 3.66nF
Csh
Primary/Secondary 91pF 51.4pF
Capacitance (C/C,)
Primary/Secondar
Coilrl};lductancey 6.3uH | 10.7uH
(LJL,)
Load Resistance 50 Q
Rload
Choke Inductance 25uH
Lchoke
MOSFET’S RDS(ON) 0'54 Q

36
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In Figure 4.1, the Simulink model of the open-loop system is shown. The boost

converter’s duty cycle is biased at 50% and the mutual coupling coefficient at £ = 0.2. In

order to validate (35) in Simulink, a sine-wave signal representing d(f), was

superimposed with the bias duty-cycle of 0.5 at an amplitude of 0.01. Manually varying

the frequency of d(f) from 400 Hz to 20200 Hz, the output load peak veu(t) was

measured in terms of its amplitude and phase shift using measurement cursors. This

method is typically noted as the signal injection technique [19] and is an acceptable

method for determining the open-loop transfer function.

Clock
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powergui

Figure 4.1. Simulink model of the open-loop system with variable mutual coupling.

Because none of the Simulink toolboxes contain a peak detector block, a RMS value block

was used and then cascaded with a gain of 1.4141 to obtain the load peak value. A
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saturation block is added between the PWM generator block to limit the control range to 0
< D < 0.9. Using the signal injection method, the simulated bode plot was obtained and
compared to (35)’s bode plot as shown in Figure 4.2. As can be seen from Figure 4.2, (35)
closely models the dynamics of the open-loop system, and is sufficient enough for

controller design despite the minimal error between the simulated and theoretical data.

Observing the system’s open-loop behavior to coupling disturbances, we can see how the
load peak voltage varies, (see Figure 4.3). The coupling disturbance is introduced using a
stair-case block given the array [0.2, 0.22, 0.195, 0.205]. We can see that the load peak is
deviating from the desired voltage of 12V which occurs when the coupling remains biased

at 0.2. Clearly, we need feedback to regulate load peak voltage to a desired value.

Bode Diagram

— Simulation
— Theoretical

50

-50

Magnitude (dB)

-100
: — Theoretical
; — Simulation
-90 : \ : - —
-180 ; \
-270

103 10* 10° 108
Frequency (rad/s)

Phase (deg)

Figure 4.2. Comparison between the Bode plot of 4,(s) and the simulated Bode plot.
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Figure 4.3. Peak load voltage unregulated under coupling variations.

Using (35) for the open loop transfer function and the PID tuning GUI, the integral
controller’s gain was chosen to be K; = 82. An integral controller was added to the
Simulink model to demonstrate the load peak regulation under step coupling variations.

The closed-loop model can be seen below in Figure 4.4.
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Figure 4.4. Simulink model of the closed-loop system utilizing an integral controller.

Figure 4.5 shows simulation results of the closed-loop model in action where the peak
reference is set to 12V. We can see that the integral controller is doing a good job in
regulating the load peak voltage under coil coupling changes. The coupling variations are
in the form of step disturbances at 2 ms intervals and varying around a nominal value of &

=0.2.
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Figure 4.5. Peak load voltage regulation under coupling variations.

4.2 Discussions

The class-E amplifier was designed at a nominal coupling coefficient of 0.2, that being
said, the optimal efficiency conditions will be thrown off once this coupling varies. So
although power supply control will regulate the load peak voltage, other tuning
techniques need to be incorporated as well to compensate for the efficiency loss [3], [5],
[9], [10], [11]. One thing to note is that if there is a large change in the k& value, due to
changes in the peak load voltage, the feedback loop may end up driving the duty cycle

over 90%. Even if it is able to regulate a large drop in load voltage, a duty-cycle as high
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Figure 4.6. Duty cycle increases to 86% in order to compensate drop from £ =0.2 to k= 0.15.
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as 90% would cause the regulation to be inefficient. Figure 4.6 depicts an example of
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such case and how the boost converter reacts to large coupling variations.

It can be seen that, for the change in coupling coefficient from 0.2 to 0.15, the duty cycle
is driven to a very large value for the compensation process. This of course isn’t good for
the boost converter due to the increase in conduction loss. Therefore, as a design
methodology, the designer should have an idea of the maximum and minimum coupling
they’re dealing with. Once this maximum is known, the designer can work backwards
from the desired load voltage by choosing the proper component values based on
equations (13) and (18). The bias duty cycle D should be kept as low as possible. Also,
from the simulation result in Figure 4.6, the rise time needed for the load voltage to reach
the desired peak is around 1 ms. This time response can be improved by designing more
complex and higher order controllers. Overall, further investigation should be done into
the proper selection of components and switching topologies for a given coupling
constraint. In summary, placing the WPT system under voltage-mode control appears to
be a desirable technique for regulating the load peak voltage under coil misalignment.
The simulation results show that the DC-DC converter has a significant impact on the
open-loop transfer function and that the integral controller does a good job responding to

step-like coupling changes.

4.3 Conclusion

In this chapter, a simulation model made using MATLAB/Simulink was built and used
validate the proposed concept. The open-loop transfer function was validated via
simulation using the sine injection method. An integral controller was added into the

model to investigate the WPT system’s closed loop performance in regulating the load
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voltage. The response of the controller to variations in k showed that using voltage-mode
control technique in WPT transfer system is a suitable solution for regulating the load

voltage.



45

Chapter 5

Conclusion and Future Work

WPT is a promising technique for powering biomedical implants, but it still faces several
challenging issues such as unstable power delivery due to for example misalignment
between the transmitter and receiver coils. Previous work has suggested that the use of
negative feedback in the form of transmitter power supply control can be used to regulate
the received power [2], [3], [4], [12], [22], [24]. When designing a controller, most of
these work did not consider the open-loop transfer function of the power control unit into
account. In this Thesis, the open-loop transfer function of the power control unit and the
WPT system were taken into account. The system’s transfer function was obtained, and
accordingly a controller was designed, and its performance was verified through

simulation.

In this chapter, we present an overview of the thesis contributions and directions of future

work.

5.1 Contributions

The contributions of this thesis are as follows:

a) In Chapter 2 the typical architecture of a WPT system for biomedical implants
was presented and discussed. A brief discussion on class-E amplifiers, their
operations, and place in a WPT system was presented. Issues related to coil

misalignment, such as load voltage variations on the secondary side were
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described. A literature review highlighting power supply control techniques to
compensate for the effects of coil misalignment was presented.

b) In Chapter 3 a voltage-mode control architecture was presented along with a
theoretical derivation of the open-loop system transfer function, which was used
to design the controller.

c) In Chapter 4, simulation results were presented and discussed for the open-loop
and the closed-loop systems. The analytical, and simulation results based on a
Simulink model and using the sine-injection method, were first compared for the
open loop system. Next, a Simulink model of the closed-loop system was
presented utilizing an integral controller, and the effects of coupling variations

were investigated.

5.2 Future work

In derivation of our model for the proposed architecture, it was assumed all inductive
elements are ideal and lossless. In practice, this is never the case due to parasitic
resistances and capacitances. A more comprehensive model should consider the parasitic
elements into account. The controller designed to demonstrate closed-loop control was a
first-order integral controller. In order to achieve a better transient response and stability
margin, higher order controllers should be investigated. In deriving the analytical
equations of an open-loop transfer function, we did not consider the rectifier circuitry and
filter capacitors at the receiver end. A more complete model should be considered, taking
into account these elements. Once this new model is validated through simulation, the

hardware implementation should be carried out.
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