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Abstract

In a cordless kitchen system, the appliances do not make use of a power cord. The system
consists of a power channel and a communication channel. There are various resonant topolo-
gies which can be implemented in the power channel[9]. The chosen topology should meet the
functional as well as non-functional requirements of the system. Presently, a series resonant
topology is used in the system. The topology is easy to understand, to implement and could
meet the functional requirements like the amount of power and high efficiency of the system
easily. But, it is difficult to meet the non-functional requirements like overvoltage protection,
EMI and simple control of the system. This master’s thesis is mainly focused on design and
realization an inductive power transmitter which addresses the following research questions:

e EMI: The present inductive power transmitter is based on a series resonant inverter
which has a disadvantage of high dV/dt’s across the inverter bridge and the transmitter
coil. Furthermore, ZVS of the power switches can be lost at low duty cycles or low
loads. Both mechanisms causes high dV/dt’s in the system, which results in increase in
common mode noise problems.

e Overvoltage: The present series resonant topology with the calculated circuit com-
ponents and given load conditions (coupling factor (k) and load resistance (Rp)), is
observed to be operating in the capacitive mode of operation, when the load is dis-
connected /removed. Therefore, disconnection of the load causes overvoltage on the
transmitter as well as the receiver coil. The overvoltage, in the absence of ’expen-
sive’ protective means, can damage the system components and the system may fail to
operate.

« Simple control: The present system is a 4" order system. Due to weak coupling between
the transmitter and the receiver coils, there exists multiple operating points where the
voltage gain is the same. Therefore, it is difficult to find an optimal operating point for
the control loop. Also, as mentioned in previous point, the load disconnection results
in capacitive mode of operation of the system. To protect the system the control loop
should take care that the system operates in the desired inductive mode of operation,
as fast as possible and without causing significant losses.
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Chapter 1

Introduction

The Wireless Power Consortium (WPC) develops standards for the appliances and devices
which make use of the cordless power transfer. The development of the Qi standard for the
cordless mobile charging system has been already developed and implemented in practice. A
cordless kitchen system is one of the projects for which the standardization development is
in progress. As an active member of the WPC and a consumer appliance developer, Philips
is also working on the standardization process of the cordless kitchen system. A cordless
kitchen system operates with the help of an inductive power transfer system. It is based on
the operating principle of an inductive coupler. An alternating current flowing through a coil
produces its own alternating magnetic field. If another coil is placed near the first one then
this alternating magnetic field gets linked to it. It induces a voltage at the terminals of the
second coil. Such an arrangement of coils is called as an inductive coupler. The inductive
coupler in a cordless kitchen system consists of a transmitter coil and a mutually coupled
receiver coil. The transmitter coil is situated beneath the counter-top of the kitchen table
whereas the receiver coil is situated in the appliance itself, as shown in Figure 1-1.

Coupled

Appliance

Receiver (Rx)

I AN

IS
[}
3
Jamod
uopeaun

Transmitter (Tx)

Figure 1-1: Introduction to the cordless kitchen appliance
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2 Introduction

The transmitter coil and the receiver coil along with the power processing units (AC-AC or
AC-DC conversion stages) forms the power channel of the cordless kitchen system. The power
has to be transferred from the transmitter side to the receiver side at a coil to coil distance
of 4 cm, with high efficiency. The resonance principle is used to achieve maximum power
transfer efficiency. Next to the power channel, the system is also equipped with a bidirectional
communication channel. The transmitter needs to provide only the requested amount of power
to the load. Therefore, the communication channel offers a mean to communicate between
the transmitter and the receiver. It is based on the operating principle of the near field
communication (NFC). The information such as the type of appliance, required amount of
power can be exchanged via the communication channel. The basic operation of the cordless
kitchen system can be explained with the help of a flowchart as shown in the Appendix A-1.

As the transmitter is powered, it goes into ’low power ping’ mode. In this mode, the trans-
mitter checks for the presence of a receiver on the kitchen table top. If a receiver is detected,
the communication channel is turned ON and the information exchange takes place. During
this interval, information about receiver type, amount of power required is exchanged between
the transmitter and the receiver. If a request for power transfer is sent from the receiver to
the transmitter then the power channel is turned ON and power transfer (over 2.4kW) from
the transmitter to the receiver can take place. If the receiver does not send a request for the
power transfer then the communication channel is turned OFF and the transmitter goes back
to low power ping mode.

1-1 Cordless power technologies

There are two types of operating principles for the power channel: Inductive Power Transfer
(IPT) and Induction Heating (IH). An appliance equipped with a motor or a resistive heating
element operates according to the IPT principle. A food processor or a hot air oven are good
examples of the appliances operating according to the IPT. On the other hand, an appliance
equipped with a metal pan sole where the eddy currents are used to heat the appliance,
operates on the IH principle. A simple rice cookware is a good example of an appliance
operating on the IH principle. The block diagrams for the IPT and the IH are shown in
Figure 1-2 and Figure 1-3, respectively.

1-1-1 Inductive Power Transfer

From Figure 1-2 one can observe that for the appliances operating on IPT principle, the power
channel consists of an AC-AC conversion stage, a resonant inductive coupler, an optional AC-
DC conversion stage and a load. The AC-AC conversion stage consists of a full bridge diode
rectifier and a full bridge IGBT inverter. This stage converts the mains voltage (Viqins) to
a high frequency AC voltage (Vep ). The resonant inductive coupler consists of a resonant
tank on the transmitter side, a transmitter coil, a mutually coupled receiver coil and another
resonant tank at the receiver side. The transmitter side is usually equipped with two coils.
According to the power requirements, only one or both of the coils can be energized. The
coupling factor (k) between the transmitter and the receiver coils varies from 0.25 to 0.35.
Further the AC-DC conversion stage comprising of a full bridge fast reverse recovery diode
rectifier can be used to convert the high frequency AC to DC voltage (Vioqq). In the appliances
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1-1 Cordless power technologies 3

which are equipped with a motor, the AC-DC conversion stage is always present. Some
appliances which are equipped only with a resistive heating element, as shown in Figure 1-7,
may not require this stage.

Vload
Vmains Vac_HF k - >
AC AC I_load
I_Tx
Res. Res.
e tank
AC DC
Tx coil Rx coil H—
| ) L )
T Y
Tx Resonant inductive Rx
coupler

Figure 1-2: Block diagram of the power channel operating on Inductive Power Transfer (IPT)

1-1-2 Induction Heating

From Figure 1-3 one can observe that for the appliances operating according to the IH prin-
ciple, the transmitter side remains the same. The receiver side consists of an metal pan sole
as a load. An IH appliance makes use of the eddy currents to produce the heat required to
cook the food. The coupling factor between transmitter and the metal pan sole (receiver coil)
varies from 0.1 to 0.15. Therefore, a repeater coil is placed in between the transmitter coil
and the metal pan sole. A repeater coil acts like a magnetic lens. It improves the effective
coupling factor and therefore, improves the efficiency of the power transfer. Though the re-
peater circuit is placed in between the transmitter and metal pan sole, it is beneficial to place
it in the appliance, close to the metal pan sole. The position of repeater coil can be optimized
with the help of mathematical and experimental analysis[5][7].

Vload
Vmains Vac_HF k >
I_load
2 I_Tx
Res. i -
il . Load
AC
Tx coil
| Y ) ! Y J L Y )
Tx Repeater Pan sole

Figure 1-3: Block diagram of the power channel operating on Induction Heating (IH)
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4 Introduction

1-2  Generic architecture for cordless kitchen system-IPT

As mentioned earlier, next to the power channel the cordless kitchen system is equipped with
the communication channel. As shown in Figure 1-2, for the power transfer a Tx coil and a
mutually coupled Rx coil are in place. Similarly, for the communication there is a separate
Tx coil and a separate mutually coupled Rx coil. Therefore, a generic architecture for the
cordless kitchen system operating on the IPT principle can be represented as shown in Figure
1-4. The control units along with the communication coils forms an outer feedback loop. It
can be observed from Figure 1-4 that the operation of the power channel can influence the
operation of the communication channel. Therefore, to avoid the interference between the
two channels, Time Division Multiplexing (TDM) technique is used [Appendix A-5].

Power channel

Vmains VaC—Hf____ K o Vload
—_—T - > E
: - I_Tx § :
i Res.
i HES; tank i Load
! tank '
! AC | | .
f -
1
: 0 :
! Phase | Tx Rx !
: : v
i ke
: €-- Set point
1 ZeroX
b e ] > Tx control unit Rx control unit
____________ Bias supply

Communication channel

Figure 1-4: Generic architecture of cordless kitchen system- IPT

1-3 Simplified block diagrams for IPT

As explained in the previous section, both the power channel and the communication channel
are the essential parts of the cordless kitchen system. Though both the channels are impor-
tant, this thesis is dedicated to the power channel operating on the IPT principle. Therefore,
in this section an attempt is made to understand the behaviour of the system on different
loads and to derive the simplified block diagrams for the IPT power channel. As mentioned
earlier, with IPT the load can be a motor or a simple resistive heating element. In case of
a motor as the load, the load appears to be disconnected for some period of time. Figure
1-5 explains the load disconnection of a motor load with the help of conceptual diagram.
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1-3 Simplified block diagrams for IPT 5

Figure 1-5a shows the ideal output voltage of the AC-DC conversion stage on the receiver
side. However, when a motor is connected as a load, a back EMF (E}) is developed in steady
state as shown in Figure 1-5a. When the back EMF (Ej) is equal or higher than the output
voltage of the AC-DC conversion stage (Vjpaq), the current cannot flow through the receiver
(Rx) and the load appears to be disconnected as shown in Figure 1-5c.

—— V(load_ideal) -==- V(Eb)

300V

240V

Motor back EMF
180V
120V _ _ _ _ _«f8 S _ _ ¥ _
60V
ov
(a)
—— V(load)
200V
180V
160V
140V
120V
100V ®
I(load)

1.6A
1.2A
0.8A
0.4A

0A

No current flows

/

(c)

Oms 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms 18ms 20ms

Figure 1-5: Conceptual representation of a motor load disconnection

Similarly, in case of a resistive heating element as the load, a temperature sensitive switch
might be employed to control the heat produced in the appliance. When the switch is opened,
the current cannot flow through the receiver (Rx). Thus, the reduced block diagrams from
Figure 1-2 can be derived, as shown in Figure 1-6 and Figure 1-7.

v 1 Vload
Vmains Vac_HF k ; f/C .
AC ol
I_Tx . Rect.
Res. G
g tanik M) | Load
AC
Tx coil Rx coil
J |
I I
Tx Resonant inductive Rx
coupler

Figure 1-6: Simplified block diagram for IPT with motor

One can use these simplified block diagrams as a base for further detailed studies.
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6 Introduction

Thermal switch

P | Vload

Vmains Vac_HF  k ﬁ—ﬂ/() ;
s LT '"’I"‘

Res. !

Res. |

ok tank [+ T Load
AC
Tx coil Rx coil
\ ) | J
T T
Tx Resonant inductive Rx
coupler
Figure 1-7: Simplified block diagram for IPT with resistor
Conclusion

This chapter provided an overview of the cordless kitchen system. An introduction to the
power channel and the communication channel between the transmitter and the receiver is
given. The chapter explained different operating principles of the power channel with the
help of the block diagrams. These block diagrams are used as base to investigate different
topologies for the cordless kitchen system. Present choice for the cordless kitchen system
topology is described in the next chapter.
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Chapter 2

Description of the present topology

2-1 Introduction

There are various resonant topologies which can meet the functional requirements of the
system[9]. Amongst all the resonant topologies, the series resonant topology is the first choice
for the designers because it is easy to understand and to implement. Figure 2-1 shows the
present topology of the cordless kitchen system. It can be observed that the series resonance
principle is used on the transmitter as well as on the receiver side.

CQ 55
% }_x*
XS Vs,

, Ch k
LH 2d JI /
Vin TQD R Ly L2§ Vout ;RL

XS,

XSy

Transmitter (Tx) Receiver (Rx)

Figure 2-1: Series resonant topology

From Figure 2-1 it can be seen that a transmitter (Tx) consists of a voltage source (Vi)
representing the rectified mains voltage, an inverter stage consisting of four power switches
(S1 to Sa), a transmitter coil (L) and a capacitor (C1) connected in series with each other.
On the other hand, a receiver (Rx) consists of a receiver coil (Lz), a capacitor (C2) and
a load (Rp) connected in series. The switch S5 represent the AC-DC conversion stage or
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Description of the present topology

the temperature sensitive switch as explained in previous chapter. The transmitter coil (L)
and the receiver coil (Lg) are coupled to each other with the coupling factor (k). If the
transmitter (Tx) is powered in the absence of the transmitter, it has its natural resonant
frequency (fi;). Similarly, in the absence of the coupling (k), the receiver (Rx) has its
natural resonant frequency (f,,). In practice, the f, and f,, are chosen to be equal [3] and
the coupling factor (k) is in the order of 0.3 to 0.35. Thus, the whole inductive power system
has its natural resonant frequency or frequencies (fres). The behaviour of such a coupled
circuit is highly dependent on the coupling factor. For low coupling factors the f;, and f,.,
are merged into a single resonant frequency f.s. For higher coupling factors the f;, and f,,
frequencies are moved away from each other, resulting in fres1 and fres2[6]. With the help of
frequency domain simulation of the circuit shown in Figure 2-3, effect of coupling factor on
the resonant frequency of the system can be explained as shown in Figure 2-2.

V(out)

7dB

-7dB

-21dB

Gain

-35dB

-49dB

-63dB

1
10KHz 19KHz 28KHz ' 37KHz 46KHz  55KHz 64KHz 73KHz 91KHz

Figure 2-2: Effect of coupling factor (K) on resonance frequency of the system for
L1=L5=290uH, C;=C3=80nF, R;= 102, K=0.35 and 0.1, V,. = 1V

The inverter stage of the transmitter can be operated at different operating points (fop).
Choosing the optimal f,, for the inverter is an important task because the high frequency AC
voltage is applied to the transmitter coil with the help of the power switches. Thus, one has
to make sure that Zero Voltage Switching (ZVS) of the power switches is applied, avoiding
high dV/dt’s in the inverter stage. For the particular values of the circuit components one
can determine the optimal operating frequency for the inverter stage of the transmitter with
the help of the mathematical analysis as shown in Appendix A-2 and Appendix A-4. The
conditions for the optimal operating point are:

o Inductive mode of operation: To make sure that Zero Voltage Switching (ZVS) for the
power switches is applied, it is always desired to operate the system in the inductive
mode of operation. Inductive mode of operation implies that the phase of the input
current (I7;) should be slightly negative with respect to inverter bridge voltage.

e Maximum output power: The operating point should be chosen such that the output
power gain is maximum at that point.
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2-2 Mathematical analysis 9

e Maximum efficiency: The operating point should be chosen such that the efficiency of
the system is maximum at that point.

The details about the optimal operating point (f,,) are mentioned in the next section.

The cordless kitchen system control loop consists of two kinds of controls: a frequency control
and a duty cycle (D) control. The frequency control is used to vary the f,, to achieve the
maximum efficiency for the power transfer. The duty cycle control is used to vary the amount
of power transferred to the receiver side, at a particular f,,.

2-2 Mathematical analysis

The mathematical analysis along with time domain and frequency domain simulations of
the series resonant topology is discussed in this section. The mathematical analysis can
be used to derive the different transfer functions. The frequency domain simulations can
be used to observe the bode plots of important parameters like impedance, input voltage (or
current), output voltage (or current), etc. The time domain simulations can be used to observe
the instantaneous voltages across and current through the different circuit components. To
proceed with the analysis following (realistic) values are chosen:

e fte = fro = 33 kHz

o L1 =290 uH

e Lo =290 uH

o Oy =1/(4r%f3L1) F

o Cy=1/(4n*f7La) F

e k=035

e M =kJyLiLy H

« Ri = Ry = 50 mQ

e R, =109

o Vin =325V DC (for time domain)

o Vae =1V AC (for frequency domain)

From Figure 2-1, a simplified equivalent circuit can be derived for the mathematical analysis
as shown in Figure 2-3.

In the circuit shown in Figure 2-3, R; represents the equivalent series resistance of the trans-
mitter along with the reflected equivalent series resistance of the receiver. Ry represents the
load resistance. Vja represents the voltage induced in the transmitter coil (L) due to the
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10 Description of the present topology

n B O / k\ iy
L Ly

Vae Vout Ry
Vis Vo

GND GND

Transmitter Receiver

Figure 2-3: Simplified equivalent circuit of present topology

mutual inductance (say, M) and the current flowing through the receiver coil (iz). Va1 repre-
sents the voltage induced in the receiver coil (L2) due to the mutual inductance and current
flowing through the transmitter coil (41).

‘/uut _ 83(0102]\4}?,2)
Vae  84(L1LoC10y — M2C1Cy) + 83(RaL10102 + Ry LaC1Cs) + 2(LaCs + L1Cy + Ry RaC1Cs) + s(R1C1 + RaCy) + 1

(2-1)

With the help of Laplace transform and transformer theory, the voltage transfer function
can be derived [Appendix A-2|. Similarly, one can also derive the current transfer functions
[Appendix A-4]. From the Equation 2-1, it should be noted that the order of characteristic
equation (denominator) is four. Consequently, it is called as 4*" order system. With the help
of the derived transfer function, frequency domain simulations can be performed. Figure 2-4a
shows the bode plot for the power delivered to Ry whereas, Figure 2-4b shows the variation
of the efficiency w.r.t. operating frequency. Figure 2-4a shows two resonant peaks. Thus,
the transmitter can be operated at, or near two resonant frequencies for the maximum power
transfer. There are two falling edges and two rising edges. The frequency control loop can
operate either on the falling edge or on the rising edge. In any case, there are two operating
points at which the gain is the same but the efficiency can be different.

One can also plot the efficiency variation of the system with respect to operating frequency.
A simple equation for the efficiency of the system can be derived as shown in Equation 2-2
[Appendix A-4] and can be plotted as shown in Figure 2-4b.

_

= 5 (2-2)

Ui

From the marked crosses in Figure 2-4, it can be seen that the maximum power transfer
operating point does not match the maximum efficiency operating point. The maximum
efficiency point lies in between the two resonant peaks. With the given load conditions and
the coupling factor, one can observe that maximum efficiency and maximum power gain occurs
at different frequencies, as shown in Figure 2-4. Therefore, choosing the optimal operating
point is comparatively harder.
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V(out)*I(R2) — Gain
200B - - - = = - - — - e m e _____ ] T ----' Phase
~ i : 140°
40dB
— e e s e e s e e e e e e s N e e — e e — J—,
60dB H '
_— Rising edge | .~ - Falling 140°
Operatin i i T
P 4 i ! Ly edge -280°
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Figure 2-4: Relation between output power and efficiency of power channel

2-3 Time domain simulations

For this topology and the calculated values of circuit components, the optimal operating
point (f,y) can be calculated to be 32.7kHz[2] and the frequency control loop operates on
the falling edge of the power gain plot. To check the voltage at different circuit nodes and
current through the circuit components at the calculated f,,, the time domain simulations of
the circuit shown in Figure 2-1 can be performed.

—— V(LH, RH) - =L
350V 124
= h*—— 7~ | [T
280V / \ /A /A
210v \ / \ / \ / \ 8A
\ \
\ | \ / \ [
140v  \ ] | | \ | \ .
/ |
70V \ ’I \\ isame | \ | L
el T \_'c_u'r_rc'aﬁt'_"‘L '''''''''' ! ‘ ________ 3 | B - 1'_°A
70V \\ ] \ \'{ \ : \
140V \ // \\ / \ /] |
\ / / \ /
210V \ ; \\ / \ / P
-280V \ / \ 7
'35°V0ps 10ps 20ps 30ps 40ps 50ps 60ps 70ps 80ps 90ps 100[112A

Figure 2-5: Operation of the system at the calculated f,,, D=100%
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12 Description of the present topology

Figure 2-5 shows the voltage across the inverter stage of the transmitter (V(LH,RH)) and the
input current (I(L1)). The lagging current indicates the power channel operating in inductive
mode. As mentioned earlier, the inductive mode of operation is always preferred to get the
advantage of Zero Voltage Switching (ZVS) of the power switches. The ZVS of the power
switches improves the efficiency of the system by reducing the switching losses. Due to ZVS
the voltage across the switches rises steadily, (i.e. no high dV/dt’s) minimizing the EMI
problem. As mentioned earlier, at particular f,, the duty cycle (D) control is used to control
the power delivered to the load. Figure 2-5 shows the waveforms for D=100%. Figure 2-6
shows the same waveforms but at D=50%. It can be observed from Figure 2-5 and Figure
2-6 that, introduction of duty cycle control results in loss of ZVS. The loss of ZVS causes
high dV/dt on the corresponding node. The detailed description of ZVS technique and loss
of ZVS at low duty cycles is given in Appendix A-9. Figure 2-7 shows the voltage across the

—— V(LH,RH) - == L)
360V 8A
] ’ 2
+ N N ’
b ‘ No ZVS / Vs /!
7 y 6A
240v / \ Tl “./ oo
1 b I \ ! 1
1 1 T N i 4 1
180V B l“ Positive : ! K ' 4A
. current [ \ , !
120V f ) / 1 / \
7 H 4 \ ’ 1 2A
60V i \ ' \ J .
e Jf \ 1 “ ,‘ ‘\
\ I
DV_:F__ ...... :—-_"1-—-. _____ __—q—qlﬁ_ ..... %.——- ..... _._.—-\‘-_—___"_—.?L-.-_ ...... _.-_‘r‘-r__.DA
\ 1 1
\ 1 \ I “ 2 A
sV | ' v { Y ! !
| r, Y ! \ ! \ 2A
120v : ! \ i v
\ : ! ',
\
-180V ' ; v | | H ‘ -4A
1 1
\\ l' \\ 1 ‘\ : 1
-240V \ b y i \ 1 )
\ \ 5 L 6A
300V \ Y e s
-360V -8A
ops 10ps 20ps 30ps 40ps 50ps 60ps 70us 80ps a0ps 100ps

Figure 2-6: Operation of the system at the calculated f,,, D=50%

transmitter coil, when fo,<fresi, fop=Sres1 and fop> fres1. It can be clearly noted that high
dV/dt’s are observed in all the three cases.

These high dV/dt’s can create a changing electric field between the electric node which carries
the dV/dt and the surrounding conducting components, tracks etc., which has a capacitive
coupling to the environment. This causes common mode currents to flow from the system
to the environment and back to source via capacitive coupling, causing common mode noise
emission from the system. On other hand, large dI/dt (may occur) may result into a changing
magnetic field which can get coupled with surrounding conductors via induction, producing
differential mode noise. The flow of the common mode currents can be represented as shown
in Figure 2-8.
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Figure 2-7: Voltage across transmitter coil (a)fop<fresi, (b)fop=fres1 and (c)fop> fresi,

D=100%
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Figure 2-8: Representation of flow of common mode currents

2-4 Frequency domain simulations

As explained in Chapter 1-3, a motor load appears to be disconnected when the back EMF
(Ep) is equal or higher than the output voltage (Vj,qq) and a resistive heating element can
get disconnected if the temperature sensitive switch is opened. Therefore, the load can get
disconnected for a short time or for a long time. If the load is disconnected, the receiver
circuit is no longer observed by the transmitter circuit. In the absence of the receiver circuit,
the order of the system reduces from 4 to 2. The system instantly goes from the inductive

mode to the capacitive mode of operation. One can observe this transition with the help of

frequency domain simulations. Figure 2-9 explains the load disconnection case in detail with
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14 Description of the present topology

the help of frequency domain simulations performed on equivalent circuit shown in Figure
2-3.

I(L1) —— Gain
---- Phase
-18dB :
Operating 80°
-24dB
40°
-30dB =
s S S ettt et \ ________ 0°
-36dB e %
3 Negative M 40°
' (a) phase e
FI(L1) el
éa8 - = i — Gain 80°
Positive / :
-6dB | ---- Phase 40°
_18dB T T s s e e e - — e e e e ¢ g e v — m—  — . — E—— —— o — 09
-30dB !
0\ -40°
AN
e e St -80°
24KHz 26KHz 28KHz 30KHz 32KHz 34KHz 36KHz 38KHz 40KHz 42KHz 44KHz
(b)

Figure 2-9: Frequency domain simulations of the input current (a) with load connected, (b) with
load disconnected, D=100%

Figure 2-9a shows the frequency domain simulation of the input current (I(L;)) when load
is connected. As the load is connected, the order of the system is 4. It can be observed
that, at the operating point, the phase of the current is negative for the given load. In
practice, a small change in load can cause the system to move slightly in the capacitive
mode. Therefore, the frequency control loop has to shift the operating point such that the
system can again operate at the maximum efficiency point in the desired inductive mode.
Figure 2-9b shows the frequency domain simulation of the input current when the load is
disconnected. It can be observed that the phase of the current is positive. Therefore, in
this case, the load disconnection can be characterized by an instantaneous transition of the
system from the inductive to the capacitive mode of operation. The instantaneous transition
of the system results in very high voltage across the transmitter coil, high dV/dt’s at the
bridge nodes and reverse recovery losses in the power switches. The high dV/dt’s at the
bridge nodes in the system causes common mode noise which could disturb the surrounding
systems. Thus, to avoid such high dV/dt’s, the system has to shift to a new operating point,
as fast as possible. As the transmitter and the receiver coils are mutually coupled to each
other, a very high voltage is induced in the receiver coil as well. Figure 2-10 shows the voltage
across the receiver coil at the operating point, when the load is connected (Figure 2-10a) and
disconnected (Figure 2-10b).

To avoid the high input current and overvoltage on both the transmitter and the receiver coil,
the frequency control loop has to increase the f,, such that the system operates on the falling
edge, in the desired inductive mode. As it can be seen from the Figure 2-9 and Figure 2-10,
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Figure 2-10: Receiver coil voltage gain when (a)load is connected, (b)load is disconnected,
D=100%

increasing the frequency in the absence of the protective means can cause a very high input
current and receiver coil voltage, resulting in system failure. Therefore, while the frequency
is increased, the inner loop of the control system controls the input current cycle-by-cycle to
a safe limit with the help of duty cycle control. Consequently, it also reduces the overvoltage
on the transmitter and receiver coil. The outer loop of the control system, by means of the
communication channel, ensures that the average load voltage does not exceed the safe limits,
as shown in Figure 2-11

In this case, the duty cycle of the power switches is reduced to reduce the magnitude of
the input current as well as the transmitter and receiver coil voltages. The communication
channel in the present cordless kitchen system has a sample time equal to the half of the
mains frequency (10msec @ 50Hz). Therefore, getting a feedback from the receiver side is
not a cycle-by-cycle process. Thus, the frequency control loop requires more time to find a
new optimal operating point. As the sampling rate of the communication channel cannot be
changed, it is highly difficult to make a fast frequency control loop in practice.

Another important point to note is the voltage across the inverter power switches. From
Figure 2-1, the peak amplitude of V};,, can be expected and observed across the inverter power
switches, irrespective of the load changes. Figure 2-12 shows the voltage across the switch
Sa.
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Figure 2-11: Basic block diagram for control mechanism in cordless kitchen system
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Figure 2-12: Voltage across the switch S

2-5 Operation of the communication channel

As described in the introduction, the data or information exchange between the transmitter
and the receiver takes place with the help of the communication channel. The communi-
cation channel operates comparatively on lower voltage levels as compared with the power
channel. Therefore, the communication channel and the power channel should not interfere
with each other. Such an interference may transfer false information through the communica-
tion channel. To avoid the interference Time Division Multiplexing (TDM) is used where, the
inverter stage of the power channel is completely switched OFF for a time duration (so-called
a communication window ) near the mains voltage zero crossings. During this communica-
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tion window, the communication channel is activated and information exchange between the
transmitter and the receiver can take place. The details about TDM technique are provided
in Appendix A-5.

Zero_X

0.8V

g8y Communication OFF Communication OFF

Power channel ON Power channel ON
0.4V

0.2V

0.0v J \_

Communication ON

Power channel OFF

0ms 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms 18ms 20ms

Figure 2-13: Example of a zero crossing signal

To provide this communication window, a zero crossing signal (Zero_X) is used by the
inverter stage. With the help of the zero crossing signal, mains voltage zero crossings are
predicted and the power switches of the inverter stage are either completely opened (switched
OFF) or operated at the desired duty cycle. An example of zero crossing signal is shown in
Figure 2-13. Figure 2-14 shows a basic diagram of the series resonant topology equipped with
zero crossing detection signal. The details about zero crossing detection signal are given in
Appendix A-8.
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Figure 2-14: Block diagram of the present topology zero crossing signal
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2-6 Requirements of the system

In the previous section, the presently used series resonant topology and its control was dis-
cussed in detail. It is capable of transferring the power at high levels (kW) with high efficiency
but it is harder to meet the non-functional requirements of the system like EMI, overvoltages
and simplicity in control.

As mentioned earlier, the introduction of duty cycle control might result in the loss of ZVS of
the power switches resulting in high dV/dt’s at the inverter bridge nodes. The change in the
current w.r.t. time (dI/dt) as well as the change in the transmitter coil voltage w.r.t. time
(dV/dt) may create electromagnetic interference (EMI) problems. This gives rise to the first
requirement of the system: having a low EMI.

As explained in the introduction, the load disconnection can occur due to the back EMF
(Eb) of a motor load or by opening a temperature sensitive switch. This abrupt change in
the applied load causes severe overvoltages at the receiver side as well as at the transmitter
side, as shown in Figure 2-10. The transmitter and the receiver can be protected against the
overvoltages with the protective means, which are costly. Without these expensive protective
means it may damage the system components and therefore the system may fail to operate.
To avoid the expensive protective means and thus to keep the appliances cheap, the system
should meet the second requirement : an intrinsic protection of the transmitter as well as
receiver coils against the overvoltage.

As explained earlier, the communication channel has a sample time of 10msec. Therefore,
in case of a load disconnection, the control loop cannot recognize the abrupt change in the
load instantly. When it recognizes the load disconnection, the system is already operating in
the capacitive mode and the control loop requires more time to find a new optimal operating
point. It is desired that the system should always operate in the inductive mode and in
any case, the control loop should be able to find the optimal operating point immediately
and easily. As the sampling rate of the communication channel cannot be changed, it gives
rise to the third requirement of the system: simplicity in the control system. Thus, one can
summarize the non-functional requirements of the system as:

e Low EMI
o Protection against overvoltage

e Simple control system

Along with these non-functional requirements, the system must meet all the functional re-
quirements also. One can summarize the most important functional requirements as:

o Power transfer over 2.4kW : As explained in the chapter-Introduction, the power transfer
of over 2.4kW is required from the cordless kitchen system. An appliance from a food
processor (about 700W) to a water kettle (about 2400W) must get powered and operate
smoothly.

« Efficient power channel > 90% : The efficiency of the power transfer should not be
below 90%.
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« Bidirectional communication at 13.56 MHz, bitrate 20Kbit/sec : As described in chapter
2-5, power channel and communication channel should not interfere with each other to
avoid false information transfer between the transmitter and the receiver. Therefore,
TDM technique is used to avoid the interference. To implement the TDM technique, a
mains voltage zero crossing detector need to be realized.

o Transmitter coil - Receiver coil distance = 4cm : As explained in the introduction, the
requested amount of the power should be transferred at a distance of 4cm between the
transmitter coil and the receiver coil (placed in the appliance).

It is possible to meet the non-functional as well as functional requirements of the system
with the present series resonant topology. To suppress the electromagnetic interference one
can make use of an additional common mode choke coil or a bulky mains filter. To protect
the system from the overvoltages during the load disconnection and to make the control
system simpler, one can make use of an additional circuitry or operate the system on higher
frequencies (for the same load conditions and system parameters). But, addition of a bulky
mains filter or a circuitry are expensive means to compensate for the drawbacks of the present
system. Whereas, by operating the system at higher frequencies one has to make a trade off
between overvoltage protection and the maximum efficiency of the system. Therefore, it
can be stated that the drawbacks of the present system can be minimized by modifying
the transmitter part, the receiver part or the control part. In a cordless kitchen system,
the transmitter (Tx) remains the same and the receiver (Rx) changes, depending on which
appliance is located on the table top. Thus, it is beneficial if all the requirements of the
cordless kitchen system are satisfied by modifying only the transmitter side. Thus, in the
further studies different topologies for the transmitter part are analyzed keeping the receiver
part the same[9]. The detail analysis of the two topologies: Voltage Source (VS) parallel
resonant topology and Current Source (CS) parallel resonant topology is explained in the
next Chapters. The basic requirement from the new transmitter topology is to meet all the
non-functional requirements intrinsically without affecting the functional requirements.

Conclusion

This chapter provided a detailed description and operation of the present cordless kitchen
system based upon the series resonant topology. The mathematical analysis gave the voltage
transfer functions which can be used to observe the behaviour of the system over a broad
range of operating frequencies. It can also be used to locate the resonant frequencies of
the system. With the help of frequency and time simulations, drawbacks of the present
topology are highlighted. This chapter also derived the most important functional as well as
non-functional requirements of the cordless kitchen system from the previous sections. Based
upon the requirements and practical conditions, the chapter provided two possible alternative
topologies: VS parallel resonant topology and CS parallel resonant topology which may satisfy
all the requirements stated in this chapter. The description and analysis of the VS parallel
topology is given in the next chapter.
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Chapter 3

Voltage Source parallel resonant
topology

3-1 Introduction

Figure 3-1 shows the Voltage Source (VS) parallel resonant topology. It can be observed that
the transmitter capacitor (C1) is connected across the transmitter coil (L;). This parallel
resonant tank on the transmitter side is fed by constant current source formed by the input
voltage source (V;;,) and a choke coil (Lcpoke). To check the applicability of this topology in

jML

XSI XS?, k
11 Lchoke
LH '—’—rﬁm J_
Vin TQD ICl %Ll L2§ Vout ;RL
¥ So 7 RH
XS,
Transmitter Receiver

Figure 3-1: Voltage source parallel resonant topology

the cordless kitchen system, one must start with the mathematical analysis and simulations.
For the mathematical analysis a simple equivalent circuit can be derived as shown in Figure
3-2 from Figure 3-1. As explained in previous chapters, the same mathematical analysis
procedure can be followed for getting an optimal operating point (f,p) for calculated circuit
component values and given load conditions. Based upon the requirements mentioned in the
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22 Voltage Source parallel resonant topology

previous section, the VS parallel resonant topology is analyzed with the help of mathematical
analysis and simulations, in the further sections. To proceed with the simulations following
(realistic) component values are used:

® ftz = fr:z: = 33 kHz

o [ =290 uH
. L2 = 290 uH
e L.=1mH

« C1=1/(4xff,L1) F

o Cy=1/(4n%f2,Ls) F

e k=035

o M =kJLiLy

e R = Ry =50 mQ

e« R, =100

o Vip =325V DC (for time domain)

Vae =1 V AC (for frequency domain)

3-2 Mathematical analysis

From Figure 3-1 an equivalent circuit can be derived, as shown in Figure 3-2.

L. i Ry R /k\ i Co
Ly Lo

Vac C’1 Vout R L

T Via Vor

JE}ND GND

Figure 3-2: Simplified equivalent circuit for VS parallel resonant topology

In the above circuit, R; represents the equivalent series resistance of the transmitter along
with the reflected equivalent series resistance of the receiver. Ry represents the equivalent
series resistance of the choke coil. Ry, represents the load resistance. Vjs represents the voltage
induced in the transmitter coil (L1) due to the mutual inductance (say, M) and the current
flowing through the receiver coil (ig). Va1 represents the voltage induced in the receiver coil
(L2) due to the mutual inductance and current flowing through the transmitter coil (igq).
As discussed earlier, to check the performance of the system at various operating frequencies
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one can make use of the transfer function. With the help of suitable mathematical analysis
a transfer function can be derived, as shown in Equation below [Appendix A-3]. The order
of the characteristic equation (denominator) of the system transfer function is an indicator
of the simplicity in the control system. The higher the order of the system, the more poles
it has. And the more poles in the system, the more difficult it is to control. It can be seen
from the Equation below that the order of the characteristic equation is 5. Consequently, it
is called as 5" order system. One can compare it with the present series resonant topology
and can state that it is more difficult to control the VS parallel resonant topology.

Vs SMR,(s3L,C,C5 + 5°R,C,C5 + 5C5)
Voe o S5(L1L,CiC3L, — LiC;M2C,) + s*(RyLyL,CiCo + RyL,CoLoCy + LyCi LR, C; — RyCC,M?2)
+53(RyR3C1LyCy + LolyCy + Ly LyCy + R,CoLyCyRy + RaL.CyR.Cy + LiCy L, — M2C5)
+52(L,C3R; + L,CoR; + RyR,R,C1Cy + R L.Cy + R L1 Cy + L1 C Ry + R,L.Cy)
+5(RyR,Co + RyR.Co + RyR,Cy + Lo+ L) + (R; + Ry)

With the help of the derived voltage transfer function, one can plot a the behaviour of output
voltage V,+ over a wide range of operating frequencies. Figure 3-3 show the plot of output
voltage against the operating frequency. It can be observed that the system possesses two
resonance frequencies, fres1 and freso. The optimal operating point of the system can be
calculated as done in chapter 2. For the realistic and calculated circuit component values,
the optimal operating point for VS parallel topology is found to be 32.9kHz[2].
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Figure 3-3: Behaviour of output voltage with respect to operating frequency
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24 Voltage Source parallel resonant topology

3-3 Time domain simulations

With the mathematical analysis the optimal operating point can be found out[2]. For the
calculated component values and given load conditions the optimal operating point is 32.9kHz.
As explained in earlier chapter, to check for the low EMI requirement one can perform time
domain simulations of the circuit shown in Figure 3-1 at and near the calculated optimal
operating point.

Figure 3-4 and Figure 3-5 shows the inverter bridge voltage and input current at operating
frequency 32.9kHz and duty cycle (D) 100% and 50%, respectively.
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Figure 3-4: Operation of the VS parallel resonant topology at the calculated f,,, D=100%

It can be seen from Figure 3-4 that input current lags the inverter bridge voltage. The peak
voltage across the inverter bridge is equal to the input voltage (Vjy,).

As seen in chapter 2, introduction of duty cycle control in series resonant topology, results in
loss of ZVS. On the contrary, from Figure 3-5 it can be observed that introduction of duty
cycle control does not result in loss of ZVS. The input current still lags the inverter bridge
voltage. It can be considered as an advantage over the present topology.

Figure 3-6 shows the the transmitter coil (L) voltage when the inverter stage of the trans-
mitter is operated below fres1, at fres1 and above fresi.

As described in chapter 2 with Figure 2-7, the series resonant topology shows the presence of
high dV/dt’s across the transmitter coil. On the contrary, Figure 3-6 shows that VS parallel
resonant topology solves the issue of high dV/dt’s for the transmitter coil (L1). One can
observe a sinusoidal voltage waveform across the transmitter coil. It is beneficial from EMI
point of view. Therefore, it can be considered as another advantage over the present topology.
To check for the satisfaction of other requirements of the system one can observe voltage across
and current through the other circuit components. Figure 3-7 shows the voltage across the
transmitter coil (L1) and choke coil (Lcpoke). From Figure 3-6, one can observe the sinusoidal
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Figure 3-5: Operation of the VS parallel resonant topology at the calculated f,,, D=50%
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Figure 3-6: Voltage across transmitter coil (a)fop<fresi, (b)fop=fres1 and (c)fop>fresi,

D=100%

voltage waveform across the transmitter coil. However, Figure 3-7 also shows the presence of
high dV/dt’s across the choke coil. As explained in the chapter 2-6, high dV/dt’s can cause
EMI problems and thus are not desired. Therefore, VS parallel resonant topology solves the
high dV/dt’s issue for the transmitter coil (L1) but it introduces high dV/dt’s at atleast one

of the nodes of the choke coil (Lcpoke)-

Master of Science Thesis

Mahesh ltraj



26 Voltage Source parallel resonant topology
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Figure 3-7: Voltage across the transmitter coil and choke coil at D=100%, f,,=32.9kHz

3-4 Frequency domain simulations

As explained in the introduction, the load (Rz) can get disconnected or appears to be dis-
connected for a short time. In case of the present topology, the load disconnection results
in overvoltages across the transmitter as well as the receiver coil, as shown in Figure 2-10.
For this topology, one can observe the behaviour of the receiver coil voltage when the load
gets disconnected with the help of the frequency domain simulations. The frequency domain
simulations can performed with the help of the equivalent circuit shown in Figure 3-2. Figure
3-8a shows the frequency domain simulation for receiver coil voltage when load is connected.
Figure 3-8b shows the frequency domain simulation for receiver coil voltage when load is
disconnected.

It can be seen from figure 3-8 that when the load is disconnected, the voltage level rises.
Therefore one can state that, to avoid the damage due to overvoltage the system should be
equipped with the protective circuitry and fast control loop.
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Figure 3-8: Receiver coil voltage gain when (a)load is connected, (b)load is disconnected,
D=100%

Conclusion

The chapter provided the description along with the suitable analysis of the VS parallel res-
onant topology. It is observed that VS parallel resonant topology does have an advantages
of duty cycle control without loss of ZVS, over the present topology. However, further simu-
lations showed that it does have drawback of presence of high dV/dt’s across the choke coil.
The frequency domain simulation showed that in case of load disconnection the topology
shows overvoltages in the system. To compensate for the overvoltage, the system should be
equipped with the protective circuitry and fast control loop. Therefore, one can state that
VS parallel resonant topology do not meet all the non-functional requirements of the cordless
kitchen system and hence it can be discarded. The description and analysis of the Current
Source (CS) topology is mentioned in the next chapter.
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Chapter 4

Current Source parallel resonant
topology

4-1 Introduction

Figure 4-1 shows the current source parallel resonant topology which might be easier to
meet the non-functional requirements. There are more possible topologies but as mentioned
earlier, the receiver side has not been modified. An attempt is made to meet the functional
and non-functional requirements by modifying the transmitter side.

L choke 02 S5
H-

)(S]_ NSB k

11
LH >
Vin T J_Cl %Ll LQ% Vout ;RL

¥S9 RH
XSy

Transmitter Receiver

Figure 4-1: Current source parallel resonant topology

Figure 4-1 shows the current source (CS) parallel resonant topology. Lcpoke is placed on the
DC side of the inverter stage to make a current source driven parallel resonant inductive
coupler. It should be noted that, as it is a current source driven topology, there should be
some ’overlap time’ between the switches of the same bridge leg. To analyze the properties of
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30 Current Source parallel resonant topology

this topology, mathematical analysis together with the simulations in the time and frequency
domain can be performed. Due to the presence of L poke it is harder to perform the frequency
domain simulations for this topology. Therefore, in this case a mathematical model for fre-
quency domain analysis (voltage transfer function) is built with the help of simulations and
then detailed analysis is performed.

One can reduce the circuit shown in Figure 4-1 to an equivalent circuit as shown in Figure
4-2 and proceed with the further evaluation. In this case, to proceed with the simulations
following (realistic) values are chosen:

o ftz = fra =33 kHz

o L; =290 ul

e Loy =290 uH

o C1 =1/(4n%f2 Lyes) F

o Oy =1/(4n%f2Ls) F

e Lepoke = 1 mH

o Lyes = L1|[2Lchoke H

e £=0.35

o M =ky/LyesLo H

e R = Ry =50 mQ

e R, =109

o Vip =325V DC (for time domain)

e I, =1 A AC (for frequency domain)

4-2 Mathematical analysis

From Figure 4-1, a first order equivalent circuit for the frequency domain simulations can
be derived, as shown in Figure 4-2. Figure 4-2 shows the pure parallel resonant converter in
which the voltage source (V;;,) and choke coil (Lgpoke) is replaced by a current source.

The topology is based on the principle of parallel resonance in which, the circuit offers max-
imum impedance at the resonant frequencies. Therefore, with the help of frequency domain
simulations, an input impedance bode plot can be used to locate the resonance frequencies
(fres1 and fres2) of this system, as shown in Figure 4-3.

From Figure 4-3 it can be seen that the system always operates in the inductive mode of
operation when it is operated below f..s1 (as phase of the impedance is positive). Above
fres1 it operates in capacitive mode up to a particular operating frequency above which, it
again operates in the inductive mode. To completely avoid the capacitive mode of operation,
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Figure 4-2: Equivalent circuit for frequency domain analysis
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Figure 4-3: Input impedance bode plot

the resonant frequency of the whole system is chosen to be fres1. For this topology and
calculated circuit component values, this frequency (fres1) is observed to be 28.2kHz. With
the help of the information gathered from the input impedance plot and the calculated circuit
component values, the time domain simulations of the circuit shown in Figure 4-1 can be
performed. Figure 4-4 shows the voltage across the transmitter coil of the resonant inductive
coupler when the inverter stage is operated at fo,<frest, fop=/[rest and fop> frest-

Interestingly from Figure 4-4, it can be seen that when the inverter stage of the transmitter
is operated at or below the fcs1, high dV/dt’s are not observed. On the other hand, when
the inverter stage is operated above the f,cs1, high dV/dt’s are observed. Thus, based upon
the requirements stated in chapter 2-6, the operation of this topology at or below fyes1 is
preferred. When the system is operated below f,..s1, the transmitter coil voltage waveform is
almost a sine wave. It has an event near the zero crossing of the sinewave where the voltage is
almost zero. Thus, for the analysis of the system operating at or below f,¢s1, First Harmonic
Approximation (FHA) can be used [1]. With the help of FHA, a simplified equivalent circuit
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Figure 4-4: Voltage across transmitter coil (a) fop<fresi, (b)fop=fres1 and () fop> fres1

of the system can be derived as shown in the Figure 4-5.

k C
7 1 Iy \ i2 !
Lres L2
‘/;c C) —_——Ci Vout RL
Vio Vo1
GND GND

Figure 4-5: Simplified equivalent circuit for CS parallel resonant topology operated below fi.cs1

The FHA allows to replace the current source (I,.) and capacitor (C1) with an AC voltage
source (V;C) In both the equivalent circuits shown in Figure 4-2 and Figure 4-5, R; represents
the equivalent series resistance of the transmitter along with the reflected equivalent series
resistance of the receiver. Ry represents the load resistance. Vio represents voltage induced
in the transmitter coil (L,es) due to the mutual inductance (say, M) and the current flowing
through the receiver coil (i2). Va1 represents the voltage induced in the receiver coil (Ls)
due to the mutual inductance and the current flowing through the transmitter coil (i1). By
applying the Laplace transformation and the transformer theory, a voltage transfer function
can be derived as shown below [Appendix B-1].

VLQ B 82(RLM02) + sM

Vac B 33<LresL2C2 - M202) + 32(L2R102 + LresC2RL) + S(RlRLC2 + Lres) + Rl

(4-1)

From Equation 4-1 one can observe that the transmitter capacitor (C7) does not influence
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4-3 Time domain simulations 33

the receiver voltage gain but it is important to include C'; in the model because it does affect
the phase of the input current (i1) with respect to the input voltage (V). It acts as a
phase compensator. Equation 4-1 also shows that the order of the characteristic equation
(denominator) is 3. The more poles in the system, more the difficult it is to control. Again
interestingly, it implies that the CS parallel resonant topology is simpler to control than
the present topology. Therefore, in the further analysis the operation of the current source
parallel resonant topology above the f,.s1 is discarded and the operation at or below the fres1
is considered.

4-3 Time domain simulations

As mentioned earlier, for this topology and calculated circuit component values, the resonant
frequency is observed to be 28.2kHz. Therefore the system is operated at or below 28.2kHz,
and other parameters like the voltage across switches, behaviour on load disconnection etc.
are examined in this section. The details of the simulation model are given in Appendix A-6
to A-8.
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Figure 4-6: Voltage across and current through the transmitter coil L; at f,,=27kHz, and load
connected

With the help of time domain simulations of the circuit shown in Figure 4-1, at f,, say 27kHz,
the voltage across all the circuit components, in steady state conditions can be observed.
Figure 4-6 shows the voltage observed across and the current through the transmitter coil (L1).
It can be observed from Figure 4-6 that transmitter coil current always lags the transmitter
coil voltage which makes sure ZVS of the power switches. Figure 4-7 shows the voltage
observed across the choke coil (Lcpoke) and the transmitter coil. It shows that there are
no high dV/dt’s present in any of the coils on transmitter side, under normal operating
conditions. It is beneficial from the EMI point of view.
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Figure 4-7: Voltage across L1 and Lcpoke at fop=27kHz

4-4 Frequency domain simulations

To observe the behaviour of this topology on load disconnection, frequency domain simulations
can be performed. To proceed with the simulations one can use this equivalent circuit diagram
as shown in Figure 4-5. However, to get accurate results one should model the source Vie
correctly. Therefore, the detailed frequency domain analysis of this topology is performed

and described in the next chapter.

Conclusion

This chapter provided the description, mathematical analysis and time domain simulations of
CS parallel resonant topology. Mathematical analysis showed that the order of the character-
istic equation (denominator of voltage transfer function) is 3, which is lowest as compared to
the present and the VS parallel topology. Time domain simulations showed that high dV/dt’s
do not occur when the system is operated at or below the resonance frequency (fres1). One
can observe that, CS parallel resonant topology possesses the advantages of simple control
system, no high dV/dt’s and no loss ZVS for the power switches intrinsically, when it is oper-
ated at or below (fres1). To observe the behaviour of the system on load disconnection, one
must perform the frequency domain simulations. However, it is not possible to get correct
results from frequency domain ’simulations’ because the voltage source (Vzc) is not modeled
accurately. The behaviour and mathematical modeling of the voltage source (V;c) is explained
in the next chapter. Frequency domain ’analysis’ of the CS parallel resonant topology is also

explained in the next chapter.
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Chapter 5

Proposed topology

5-1 Introduction

From the earlier chapters, one can understand the operation of the series resonant topology,
VS parallel resonant topology and CS parallel resonant topology. The mathematical analysis
with the time domain simulation results of all the topologies showed that CS parallel resonant
topology has some advantages over the series resonant and VS parallel topologies when applied
in the cordless kitchen system. The advantages can be listed as:

o Absence of high dV/dt’s: From Figure 2-7 one can observe the presence of high dV/dt’s
in the series resonant topology. At low duty cycles, the series resonant topology loses
the ZVS for the power switches causing additional high dV/dt’s and hence an EMI issue.
From Figure 3-7 one can observe that, in VS parallel resonant topology, voltage across
the transmitter coil (L;) is observed to be sinusoidal but it introduces high dV/dt’s on
atleast one of the nodes of choke coil (L¢poke). And from Figure 4-7, it is evident that
high dV/dt’s are not observed in CS parallel resonant topology when it is operated at
or below fres1.

« The order of characteristic equation: CS parallel resonant topology results in a 3"¢ order
system whereas the series resonant topology and VS parallel resonant topology results
in a 4" and 5" order system, respectively. As mentioned earlier, the higher the order
of the system, the more difficult it is to control. Therefore, it is comparatively easier to
control the CS parallel resonant topology.

Besides the advantages, CS parallel topology also has some disadvantages over other topolo-
gies. The disadvantages are:

o Loss of control over power: As explained in the introduction, duty cycle (D) control
is used to control the power delivered to the load. Present series resonant topology
and VS parallel resonant topology are voltage source driven topologies and therefore it
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is easier to employ duty cycle control for the inverter power switches. As mentioned
earlier, the series resonant topology facilitates the duty cycle control but at the expense
of loss of ZVS. The current source driven topologies cannot make use of duty cycle
(D) control and hence cannot control the power delivered to the load at a particular
operating frequency (fop).

e Communication window: As mentioned in chapter introduction and Appendix A-5,
for the communication between the transmitter and the receiver, Time Division Mul-
tiplexing (TDM) is used. In TDM, the power channel is completely turned-OFF and
communication channel is turn-ON, near the mains voltage zero crossings. In case of
voltage source driven topologies, one can open all the inverter power switches to turn-
OFF the power channel. But, one cannot make use of the same technique in case of a
current source driven topology. In that case, one has to use alternative techniques to
make the current source equal to zero for a short period of time. Therefore, it is com-
paratively harder to achieve a communication window in case of CS parallel resonant
topology .

Considering the non-functional requirements of the cordless kitchen system and advantages
of the CS parallel resonant topology, one can propose CS parallel topology (operation below
fres1) as an alternative topology. Therefore in this chapter, CS parallel resonant topology is
stated as proposed topology and detailed analysis regarding load disconnection and control of
the topology is discussed. Furthermore, a simulation model with alternatives to compensate
for the disadvantages of this topology is provided.

5-2 Detailed analysis of the CS parallel resonant topology

In the previous chapter, one can see the behaviour of the voltage across the transmitter coil
(L1) when the system is operated below fres1, at fres1 and above fres1. When the system is
operated below fr.s1, one can model the system as shown in Figure 4-5 and Equation 4-1.
However, the behaviour of the voltage source Ve is not like an ideal frequency domain voltage
source. For accurate analysis, one should model the source Ve correctly.

5-2-1 Modeling of Voltage Source Vac

As shown in Figure 4-4a, when the inverter stage of the transmitter is operated below fres1,
voltage across the transmitter coil appears to be a discontinuous function. Figure 5-1 shows
the transmitter coil voltage at various operating frequencies below the fy.cs1.

It can be observed that as the operating frequency decreases, the peak voltage across the
transmitter coil (V;,) and time for which the voltage remains zero (T'fyceze), increases. There-
fore, the amplitude of the first harmonic (Vg ,) changes with the operating frequency (fop).
Thus, it is difficult to perform the frequency domain simulations for the equivalent circuit
shown in Figure 4-5. For better results from the frequency domain simulations, one has to
model the source VZC such that the amplitude of the first harmonic is a function of the oper-
ating frequency. The relation between the amplitude of the first harmonic (Vg ,) and the
operating frequency (fo,) can be derived with the help Fourier analysis of the transmitter coil
voltage waveform shown in Figure 5-2.
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Figure 5-2: Transmitter coil voltage waveform for detailed analysis

From Figure 5-2 the relation between the peak amplitude (V};) and operating frequency (fop)
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can be derived [Appendix B-4] and is as shown in the equation below:

T,
Vv /4
Vi = Znﬂ-Tresl
=
At fop:fresl
Vi
eres = ’L;Lﬂ—

And therefore the amplitude of the first harmonic (V. ,) can be calculated by Fourier
analysis of the waveform shown in Figure 5-2 [Appendix B-3|:

4V, B1
Vacpya = T—m SIN Wres(t — 01)STN NUept dit (5-1)
op Jaq
Wi (7L o f
= —cos(w — Wres; O] — W
Top o 9 resi resi op
— §COS(UJresl — Wres; 1 + Wopt) dt
-8V, w
— tx COS(E op ) - wjeslz (5_2)
TOP 2 Wrest Wop — Wresl
N V,
" VaCFHA = ‘ZCFHA (5'3)
Tres

The normalized value of the derived V¢, , can be used in Equation 4-1 for the frequency
domain simulations. Figure 5-3 shows the equivalent circuit for CS parallel resonant topology
with normalized fundamental harmonic. Omne can also observe the change in normalized
fundamental harmonic with respect to operating frequency (fop). With the help of such a
mathematical model, one can proceed with the frequency domain analysis for this topology.
To preserve the confidentiality, frequency domain analysis is described Appendix B-5.
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Figure 5-3: Equivalent circuit for CS parallel resonant topology with varying fundamental har-
monic source
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Another important point to observe is the switch voltage. It can be seen from Figure 5-4 that,
the peak voltage (szpwk) appearing across the switches is more than V;,. With the help of
previously derived relation of the peak amplitude (V;,), it can be calculated that Vewpear 18
7/2 times the Vj;,, at resonance and it increases further with decrease in the f,,, as shown in
Figure 5-4.

V(LH) — AtF,, = 28.2kHz

600V
---- AtF,, = 27kHz

240V

180V

120v

60V

ov

Ops 10us 20ps 30us 40ps 50us 60ps T0us 80ps 90us

Figure 5-4: Voltage across the switch S5

5-3 Introducing the communication window

As mentioned earlier in this chapter, it is comparatively difficult to make a communication
window in case of the proposed topology. However, one can introduce the communication
window with the help of a pre-power stage.

5-3-1 Detailed simulation model

One can perform the time domain simulations of the schematic shown in Figure 5-5 with cal-
culated circuit component values, at operating frequency f,,=28.2kHz to observe the trans-
mitter coil voltage. Figure 5-6 shows the time domain simulation for one mains cycle (20ms).

From Figure 5-6 it can be observed that at a particular operating frequency, the power
delivered to the load cannot be varied as the proposed inverter topology cannot make use of
the duty cycle (D) control. It can also be observed that the transmitter coil voltage varies
according to the mains voltage. As discussed in earlier chapters and Appendix I, the cordless
kitchen system makes use of 'Time Division Multiplexing’” (TDM) for the communication
between the transmitter and the receiver. That implies, the voltage across and current through
the transmitter coil should be zero when the communication channel is active. Therefore, one
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Figure 5-5: CS parallel resonant inverter topology
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has to make sure that the communication window is always present in the power channel near
the zero crossings of the mains voltage. To make it possible, one can introduce a buck stage
in front of the proposed topology, as shown in Figure 5-7. The detailed schematic is shown
in Appendix M.

As shown in the block diagram (Figure 5-7), a PWM signal can be used for the buck power
stage operation. The duty cycle (Dyycx) of this PWM signal can be varied. Therefore, one
can get control over the power transferred at a particular operating frequency as well as a
communication window near the zero crossing of the mains voltage by employing such a power
stage.
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By varying the duty cycle (Dpyer) from 0 to 100% one can vary the input voltage for the
inverter stage of the transmitter and hence can vary the power delivered to the load. From
Figure 5-8 one can observe the voltage spikes when the communication channel is turned off
and power channel is turned ON. To avoid these voltage spikes various techniques can be used
but more research is required. Considering the scope of this thesis, these techniques are not
described in this report.
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5-4 Tuneability

The system shown in Figure 5-7 gives an added operational advantage of so called *tuneability’.
In practice, the load applied (Ry) can also change. A change in R changes the resonance
frequencies (f,, and hence fs) of the system. The maximum efficiency of the power transfer
can be achieved when fi, and f,, are equal [3]. Thus, f;; has to be changed to keep the
efficiency maximum. A circuit in which the resonant frequency can be controlled is called as
a tuneable circuit. The series resonant topology is not inherently tuneable but, it can be made
tuneable with the help of additional circuitry comprising diodes and the power switches|[3].
The addition of these components can cause additional losses and therefore reduction in the
efficiency, which is undesirable. As mentioned earlier, the proposed topology when operated
at fop < fresi, has an event near the zero crossing of the sinewave, so called the 'freeze time’
(Tfreeze), where the voltage across the transmitter coil of the inductive coupler is almost zero.
The relation between f,, and the freeze time (T'fyceze) can be derived from the Figure 5-2 and
is given by :

1 1
T = —
Jreeze 2fop 2fresl

This freeze time gives the this topology an added advantage of the so-called tuneability. Tune-
ability can be defined as the ability of the system to operate in resonance or near resonance,
without causing significant losses. If the load (Ry) is changed, the resonant frequencies are
changed. Due to high sampling time (10msec) of the communication channel, the control
loop cannot recognize the load change instantly and f,, of the system remains the same for a
while. As fres1 is changed but, fo, is the same, a change in Tce.. can be observed. There-
fore, a change in Ry, is reflected into a change in T'fpeeze Without causing any high dV/dt’s
or loss of ZVS of the power switches. Thus, with the help of the freeze time, the transmitter
can apparently be tuned with the receiver and hence to the load changes. Figure 5-9 shows
the freeze time, the natural resonance frequency of the system (f,¢s1) and perceived resonant
frequency by the receiver.

— V(L1)

so0v / Natural fes1

400V

200V

ov \ \
-200V H N
-400V Tfreeze
-600V

2.920ms 2.928ms 2.936ms 2.944ms 2.952ms 2.960ms 2.968ms 2.976ms 2.984ms

Figure 5-9: Conceptual representation for the perceived resonant frequency by the receiver

Therefore, it can be stated that this topology is inherently tuneable below the frcs1. It
should also be noted that the increase in T'f,cc.. increases the peak voltage across the switches
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(Vswpeqr) and reduces the efficiency. Thus, for this topology an operating region can be defined
with the help of detailed mathematical analysis as shown in Appendix B-2 and Appendix
D. Figure 5-10 shows the variation of the efficiency of the system (1) with the normalized

operating frequency (f). The simple equation for the efficiency of the system can be derived
as shown in Equation 5-4 [Appendix B-2].

n= - (5-4)

Efficiency (11)
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Figure 5-10: Efficiency variation of CS parallel resonant topology

It can be seen from Figure 5-10 that, as the f decreases below the f,¢s1 the efficiency decreases
drastically. Therefore, a lower limit for the operating frequency can be chosen such that at
that operating point, the efficiency is 90 percent. In this case, the lower limit for operating
frequency is found to be 26kHz. Thus, the proposed operating region for the CS parallel
resonant topology is in between 26kHz to 29.2kHz.
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Conclusion

The chapter proposed the CS parallel resonant topology for the cordless kitchen system, as
it is simpler to meet all the non-functional requirements of the system. It explained why
CS parallel resonant topology is suitable for the cordless kitchen system with the help of
advantages and disadvantages of the topology over other resonant topologies. As explained
in chapter 4, for the frequency domain analysis of the system equipped with the CS parallel
resonant topology, the source (V;C) should be modeled accurately. This chapter derived a
mathematical model for the source of the system using First Harmonic Approximation (FHA).
However, due to confidentiality reasons the complete frequency domain analysis is provided in
Appendix B-5 instead of this chapter. Furthermore, the chapter provided a solution to realize
the communication window. An added operational advantage of so-called "tuneability’ is also
described. At the end, the chapter proposed an operating region for the system, derived with
the help of an efficiency plot.
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Chapter 6

Experimental results

6-1 Introduction

The previous chapters described the cordless kitchen system, its requirements and various
possible resonant topologies for the system. It is explained by mathematical analysis why
the CS parallel resonant topology can be a good alternative for the presently used VS series
resonant topology as the power stage of the transmitter. After proving it mathematically
one can proceed with the experimental verification. This chapter provides the details about
this experimental verification and shows measurements results regarding EMI. To make a
good comparison between the EMI performance of the VS series resonant topology and CS
parallel resonant topology, both topologies need to be built and tested. However due to time
constraints, it was decided to build and test 60 W versions of the two transmitter topologies,
making use of an existing transmitter prototype platform, available in Philips Drachten. With
the help of this transmitter prototype platform, alternative designs can be implemented and
control parameters can be modified as per the requirements.

6-2 Prototype platform

Figure 6-1 shows the block diagram of the transmitter prototype platform with the VS series
resonant topology implemented, including the receiver part. It can be seen from Figure 6-1
that the full bridge VS series resonant topology makes use of a control circuit to manually
adjust the operating frequency and the duty cycle. As explained in chapter 2, the frequency
control block controls the operating frequency with the help of a phase observer as it is
essential to operate the inverter stage of the transmitter in the inductive mode of operation.
The duty cycle control block controls the phase shift between the power switches to vary the
amount of power delivered to the load. Figure 6-2 shows the block diagram of the transmitter
prototype platform with the CS parallel resonant topology implemented. As explained in
chapter 5, in case of the CS parallel resonant topology, a pre-power stage can be used to
control the power. The pre-power stage is not implemented on the transmitter prototype
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Figure 6-1: The prototype platform with the VS series resonant topology

platform. To control the power of the CS parallel resonant topology the voltage source (Vin)
can be adjusted. This has the advantage that the switching noise of the pre-stage is not
present in the EMI measurements. From Figure 6-1 and Figure 6-2 one can observe that
the transmitter prototype platform also allows to check the system performance under load
disconnection case. The load can either be disconnected completely or changed in a stepwise
manner.
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Figure 6-2: The prototype platform with the CS parallel resonant topology
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The experimental setup of the CS parallel resonant topology is shown in Figure 6-7. The aim
of this low power experimental set-up is to deliver 60 Watts of power to the load resistance
(RL) at a coupling factor of 0.35, in case there is no misalignment between the transmitter
and the receiver coils. A standard A10 coil (according to Qi specifications) is used as both
the transmitter and the receiver coil [12].

6-3 Measurement of coupling factor

Before proceeding to the tests, one must know the distance between the transmitter and
the receiver coil in the experimental setup. As mentioned in the introduction, for the cord-
less kitchen system the power needs to be delivered to the load at a coil-to-coil distance of
maximum 4cm, where the coupling factor equals 0.35. However, both the vertical distance be-
tween the coils and the horizontal misalignment between the coils affects the coupling factor,
as shown in Figure 6-3[10].

Front View Top View

Coupled

Appliance

Misalignment

Receiver (Rx)

————————————————————— H- +
1
! :
Vertical s
distance Kitchen Table

1
1
:
J

Transmitter (Tx)

Figure 6-3: Horizontal misalignment of a transmitter coil and a receiver coil

This horizontal misalignment affects the coupling factor and hence the power transfer. One
can study the effect of misalignment on the coupling factor as done in [12]. The graph in
Figure 6-4 shows the effect of horizontal as well as vertical misalignment on the value of
coupling factor. Figure 6-4 shows that to get the maximum coupling factor (i.e.say k=0.99)
one should make sure that the vertical distance between the coils is as small as possible, there
is no horizontal misalignment between the coils and the coils are of same type. One can
observe that though there is no vertical misalignment between the coil, coupling factor (k)
varies with the horizontal misalignment. Figure 6-4 shows that coupling factor decreases as
the horizontal misalignment increases. It becomes zero at a particular distance, goes into the
negative region and comes back to zero again. From the experimental measurements With
the standard A10 coils the coupling factor (k) for this system was found out to be 0.35 at
distance of 16mm.
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Figure 6-4: Effect of misalignment on the coupling factor[12]

6-4 Scaling the component values

As mentioned in the earlier section, due to time constraints it was decided to make use of the
existing 60W transmitter prototype platform, to execute the experimental validations. The
topology for the system remains the same however, as the power requirement is scaled down
(from 2.4kW to 60 W), one should also scale down the circuit component values. To proceed
with that one should decide a new load resistance (Rp,,,) and a new operating frequency
(fopnew) for the inverter stage of the transmitter. After that one can make use of the scaling
formulae to get the new component values [14]. The new chosen values of Ry, .. and fop,..
along with the scaling formulae are given below:

Rr,.. = 40 (6-1)
Fopnew = 135kH 2
Ry,
Sm — new
Ry
fop
S — new
d for
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where,
R, =100 (6-2)
fop =28kHz
Resulting in,
Sm
Loew = L™ = 24uH (6-3)
Sy
Cold
Chew = = 41.6nF
SmS; "

After scaling one can compare the behavior of the system against the behavior of the system
with non-scaled component values as mentioned in previous chapters. An example of scaling
down the CS parallel resonant system is shown in Figure 6-5. With the help of equivalent
circuit shown in the Figure 4-5, one can observe the behaviour of the output voltage (Vo) with
scaled down (low power version) as well as non-scaled down (high power version) parameters.
Figure 6-5 shows the comparison between the output voltage (V) of the scaled down system
(low power version) and non-scaled down system (high power version). One can observe that
the scaled down system behaves exactly the same but at higher frequencies. However in this
case, to meet the power requirements adjustment of the input voltage source (Vj;,) used. With

Output voltage behavior
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______ et e T —— V(out1)
1.0V 5 — — - Phase of V(out) -120°
\ — — - Phase of V(out1)
0.8V
-200°
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-280°
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-360°
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Figure 6-5: Effect of scaling down the component values for low power demo prototype

the help of scaled down circuit component values and the chosen topology shown in Figure
6-2 and Figure 6-1, the PCB of the transmitter prototype platform can be assembled. Figure
6-6 shows an image of the PCB with a transmitter prototype platform with a transmitter coil
connected to it.
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Figure 6-6: PCB-Transmitter prototype platform with CS parallel resonant
topology,L1=Ly=24u, C,=Cy=41.6nF, f..s1=14bkHz, f,, .. =13bkHz, R . =4 Q,
P,,:=60W [10]

Figure 6-7: EMC Measurement setup- Transmitter prototype platform with CS parallel resonant
topology[13]

6-5 EMI measurements

The 60 Watts low power experimental setup of both the VS series resonant topology and
the CS parallel resonant topology have been tested according to the standard CISPR14-1
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for EMC. Figure 6-7 shows the experimental set-up. Figure 6-8 and Figure 6-9 shows the
EMC measurements recorded for the VS series resonant topology and the CS parallel resonant
topology, respectively.

reoy  Fre Mark: 1.1100 MHz FURENS(OAD 0 o)
P Cispr: 20.5 dBuV IWE e d  win  max
Pk 205 = ] 205 205

-20 -9 10 25 40 95 70 80

dBuY a0

Allowed average Allowed QP

T noise level /noise level
B0

—— —
T ] 1‘“1-;.‘_1‘_ 4 / [
Wi i ‘
Noise 404
Level 1

20

-20 T T T — T T T — T
02 03 4 2 S 10 20

0.15 MHz 30 MHz

Figure 6-8: EMC measurements: Series resonant topology, f,,=135kHz, P,,;=60W[10]

Both the figures shows the maximum allowed noise level for the quasi peak (QP) noise mea-~
surement according to CISPR14 (uppermost line) and maximum allowed noise level for the
average noise measurements according to CISPR14 (middle line). As per expectations, one
can observe from Figure 6-9 a considerable reduction (about 10dBuV) in the high frequency
noise level in case of the proposed topology. It indicates that for the same amount of power
transfer with the proposed topology, the size of the mains filter can be reduced.

Master of Science Thesis Mahesh ltraj



52 Experimental results

reony  Fre Mark: 0.2700 MHz e )
P Cispr: 48.2 dBuV (MT fome ) min  max
Pk 48.2 1 48.2 48.2
-20 5 10 25 40 85 70 80
dBuy 80

=~ 10dBuV
Noise
Level

-20

02 035 1 2 S 10 20
0.15 MHz 30 MHz

Figure 6-9: EMC measurements: CS parallel resonant topology, fo,=135kHz, P,,;=60W[10]

Conclusion

The chapter describes the validation of the EMI performance of both the VS series resonant
topology and the CS parallel resonant topology. The EMI measurements were executed in
the EMC lab of Philips Drachten. For the measurements a low power (60 W) transmitter
prototype platform was used to build a VS series resonant inverter and a CS parallel resonant
inverter. With the help of scaling formulae, the circuit component values for the low power
design (60 W) were derived from the high power design (2400 W). The measurements show
that for the same output power, Tx and Rx coil types and coupling factor, the CS parallel
resonant inverter has a lower noise level compared to the VS series resonant inverter. Further-
more, the chapter shows that the experimental measurements and analytical measurements
can be related with each other and hence the mathematical model derived in previous chapter
provides good results.
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Conclusion

The thesis explained the basic principle of the cordless kitchen system along with its re-
quirements. There are functional as well as non-functional requirements. The present se-
ries resonant topology for the transmitter has the drawback that it is harder to meet the
non-functional requirements. With the help of mathematical analysis as well as the simu-
lations, the thesis proposed ’current source parallel resonant’ topology which can meet the
non-functional requirements more easily in the proposed operating region. From the mathe-
matical analysis of all the topologies, voltage or current transfer functions can be derived [2],
as shown in the Appendix A-2, A-4, B-1 and B-2. The order of characteristic equation is very
important from the control point of view. The more poles in the system, the more difficult
it is to control. It can be seen that, these transfer functions are of the order four, five and
three for series, VS parallel and CS parallel (below f,.s1) topologies, respectively. Thus, it is
easier to control CS parallel topology when operated below f,.s1. From the detailed analysis
of all the topologies explained in Chapters 2 to 5, various other factors can be noted down,
as shown in Table 7-1.

Table 7-1: Comparison of different topologies

Series topology | VS parallel topology | CS parallel topology
(in proposed region)
High dV/dt at choke coil No Choke coil | Yes No choke coil
High dV/dt at transmitter coil | Yes No No
Voltage across power switches | V; Vi (m/2)*Vjy, or more
Over voltage on load removal Considerable Considerable Not considerable
Use of duty cycle control Possible Possible Not possible
Loss of ZVS Possible Not possible Not possible
Control Comparatively | Comparatively Comparatively
difficult difficult simpler
Intrinsic tuneablility No No Yes

Table 7-1 shows that though the series resonant topology is easy to implement and widely used,
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it possesses some drawbacks when applied in the cordless kitchen system. It has advantages
like use of the low voltage switches, easy power control but, overvoltage and EMI are the
undesired properties. These undesired properties can be overcome by using a fast frequency
control loop and additional complex circuitry [3]. But as explained earlier, it is difficult to
make a fast frequency control loop and the circuitry required to make the system tuneable,
affects the efficiency of system.

The VS parallel resonant topology also possesses the advantages like use of duty cycle control
to control the power delivered to the load, use of low voltage rating switches etc. However, it
also possesses the drawback of high dV/dt’s across the choke coil which offers relatively poor
EMI performance.

The thesis showed that CS parallel topology can be the suitable topology for the cordless
kitchen system, as it satisfies all of the non-functional requirements of the system more easily.
The most important advantage of this topology is the intrinsic tuneability when operated at
frequencies (f,p) below the system resonance frequency (fres1). High dV/dt’s do not occur,
which offers good electromagnetic compatibility. From the experimental results it is evident
that CS parallel resonant topology has better EMC than the present series resonant topology.
In case of the load disconnection, the voltage across the transmitter does rise but the rise
is not considerable. The topology offers inherent overvoltage protection which keeps the
voltage rise within the safe limits. It eliminates the requirement of a complex control system.
Also, an added operational advantage of the tuneability can help in meeting the functional
requirements. The only disadvantages of the proposed topology are:

 Introduction of T’ cc.e increases the conduction losses in the power switches.
o Requirement of high voltage rating power switches (more than 2V;,).

o Loss of control over the delivered power, as duty cycle control cannot be used.

For minimizing the conduction losses one can operate the inverter stage of the transmitter
with the proposed topology close to the resonance frequency of the system (fyes1). This also
reduces the peak voltage across the power switches. To control the amount of power delivered
to the load, one can employ a pre-power stage on the transmitter side to vary the input voltage
(Vin) or a post-power stage on the receiver side to vary the load voltage (Vjyqq). Finally, the
thesis presented a system model of current source parallel resonant topology equipped with
a pre-power stage (buck converter) on the transmitter side. The time domain simulations of
the proposed system model showed that with the help of the buck power stage, the power
delivered to the load can be controlled and a communication window can be maintained.
Therefore it can stated that, the proposed topology meets the non-functional requirements
of the system without affecting the functional requirements of the system. Thus, it can be
concluded that for the cordless kitchen system, the operation of the current source parallel
resonant topology in the proposed operating region can be a good alternative to the present
topology.

Mahesh Itraj Master of Science Thesis



Chapter 8

Publication

Master of Science Thesis Mahesh ltraj



Topology study for an Inductive Power Transmitter for Cordless
Kitchen Appliances

Mahesh Itraj! and Will Ettes?

Abstract—1In a conventional kitchen an appliance may re-
quire over 2.4kW of power during normal operation. In a
cordless kitchen the used appliances are cordless, so this power
needs to be transferred over a distance of at least 4cm, at
high efficiency. Therefore an inductive power system needs to
be installed with an inductive power transmitter below the
table countertop and an inductive power receiver inside the
appliance. Next to the inductive power system the cordless
appliance is also equipped with a communication channel.
There are many transmitter topologies which can satisfy the
functional requirements (like amount of power transferred, high
efficiency, etc.) of the inductive power system. But satisfying
the non-functional requirements (like EMI) most often takes
several design iterations. Presently, a transmitter based on a
series resonance principle will be the first choice of the designer
because it is relatively simple to understand and can satisfy the
functional requirements of the system easily. The aim of the
paper is to describe the present choice for the transmitter and
to explain a new transmitter topology that can intrinsically
minimize the problems associated with the present choice. The
paper proceeds with a brief introduction about the cordless
kitchen concept, in section I. Section II gives the description
and analysis of the presently used topology in the system.
The requirements of a new transmitter topology are explained
in section III and a new transmitter topology along with its
analysis, is proposed in Section IV. Section V explains the
experimental measurements and gives the comparison between
the present and the proposed topologies. The conclusion is
stated in section VI.

I. INTRODUCTION

An alternating current flowing through a coil produces its
own alternating magnetic field. If another coil is placed in
the proximity of the first one then, this alternating magnetic
field gets linked to it. Such an arrangement of the coils
is called as an inductive coupler. In a cordless kitchen the
inductive coupler consists of a transmitter coil and a mutually
coupled receiver coil. The transmitter coil is located beneath
the counter top of the kitchen table, whereas, the receiver
coil is located inside an electrical appliance, as shown in
Figure 1.

As shown in Figure 1, the system operates with the help of
two channels: a power channel and a communication chan-
nel. The power transfer is executed by the power channel,
whereas the information or data exchange is done using

*This work was supported by Philips Consumer Lifestyle B.V. and TU
Delft

1Mahesh Itraj is with Faculty of Electrical Engineering, Mathematics
and Computer Science, Delft University of technology, 2628 CD Delft, The
Netherlands, Email: itraj.mahesh@gmail.com
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Fig. 1. Introduction to the cordless kitchen concept

the communication channel. The power transfer and the
communication is done at a coil to coil distance of 4cm.
One of the operating principles for the power channel is
Inductive Power Transfer (IPT). This principle is used in
kitchen appliances which are equipped with a motor or a
resistive heating element. A food processor or an oven are
good examples of appliances working according to the IPT
principle. The basic block diagram of the IPT power channel
is shown in Figure 2. The IPT power channel consists of an
AC source, an AC-AC conversion stage, a resonant inductive
coupler, an AC-DC conversion stage (optional hence shown
as dotted block) and a load. The AC-AC conversion stage
along with the transmitter coil of the resonant inductive
coupler is called the transmitter (Tx). The receiver coil of the
resonant inductive coupler along with the AC-DC conversion
stage (optional) and the load is called the receiver (Rx). The
transmitter and the receiver coils are mutually coupled to
each other with a certain coupling factor (k). The mains
voltage is converted to a high frequency AC voltage by the
AC-AC conversion stage. Due to the inductive coupling, the
high frequency AC voltage is induced on the receiver side.
This induced voltage can be converted to a DC voltage with
the help of AC-DC conversion stage. The load can be a DC
motor or simply a resistor.

In order to get the maximum system efficiency, the
principle of resonance is used in the inductive coupler.
To achieve this resonant nature, different combinations of
interconnections of both the coils (L) and the capacitors
(C) can be used. These different combinations are known
as topologies. Each topology has its own operating principle
with advantages as well as disadvantages, depending on the
application.
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II. PRESENT TOPOLOGY

Figure 3 shows the topology which is used in the present
inductive power system. This system has the series resonance
principle applied in the transmitter as well in the receiver
side.
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Fig. 3. Series resonant topology

A. Description of present topology

In Figure 3, V;,, is the DC voltage obtained after rectifying
the mains voltage. As mentioned earlier, the transmitter is
nothing but the AC-AC conversion stage comprising V;,,, an
inverter stage and a resonant tank comprising of the series
connection of the transmitter coil (L) and a capacitor (C).
On the other hand, the receiver comprises of the receiver coil
(L2) and a capacitor (C5) connected in series with the load
(Rp).

If the transmitter (Tx) is powered, in the absence of the
coupling (k), it has its natural resonant frequency (fiz).
Similarly, in the absence of the coupling (k), the receiver
(Rx) has its natural resonant frequency (f,;). In practice,
the f;, and f,, are chosen to be equal [3] and the coupling
factor (k) between the transmitter coil (L) and the receiver
coil (L) is in the order of 0.1 to 0.35. Therefore, the whole
inductive power system has its natural resonant frequency or
frequencies (fr¢s). For low coupling factors the f;, and f,
are merged into a single resonant frequency f.,. For higher
coupling factors the f;, and f,, frequencies are moved away
from each other, resulting in f,.s1 and f.s2. The inverter
stage of the transmitter can be operated at different operating
points (f,p). Choosing the optimal f,, for the inverter is an

important task because the high frequency AC voltage is
applied to the transmitter coil, with the help of the power
switches. Thus, one has to make sure that Zero Voltage
Switching (ZVS) for the power switches is applied, avoiding
high dV/dt’s in the inverter stage. Therefore, in this case,
the optimal f,, is chosen where the efficiency is maximum
and input current (/1) is slightly lagging the inverter bridge
voltage (V(LH,RH)). With the help of the mathematical
analysis, one can determine the optimal operating frequency
for the inverter stage of the transmitter, using the particular
values of the circuit components shown in Figure 3 [2]. In the
present topology, with the help of a frequency control loop
the f,, can be varied to achieve the maximum efficiency
for the power transfer. Furthermore, at a particular f,, the
amount of power transfer can be controlled with the help of
the duty (D) cycle control.

B. Analysis of present topology

The mathematical analysis along with time domain and
frequency domain simulations of the series resonant topology
is discussed in this section. The mathematical analysis can be
used to derive the different transfer functions. The frequency
domain simulations can be used to observe the bode plots
of important parameters like impedance, input voltage (or
current), output voltage (or current), etc. The time domain
simulations can be used to observe the instantaneous voltages
across and current through the different circuit components.
For the time domain simulations, it should be noted that as
the present topology is voltage source driven, there should
be a ’dead time’ between the switches of the same bridge
leg. To proceed with the analysis following (realistic) values
are chosen:

o ftz = fre =33 kHz

e L1 =290 uH

e Ly =290 uH

o C1=1A4r%f2L1)F

. CQ = ]/(471'2 7?wL2) F

o k=0.35

o RL = 10 Q

e Vin =325V DC (for time domain)

e Voe =1V AC (for frequency domain)

1) Mathematical analysis: From Figure 3, a simplified
equivalent circuit can be derived for the mathematical anal-
ysis as shown in Figure 4.

In the above circuit, Ry represents the equivalent series
resistance of the transmitter coil (L) along with the equiva-
lent series resistance of the capacitor C';. Ry represents the
load resistance along with the equivalent series resistance of
the receiver coil (L) and the equivalent series resistance
of the capacitor Cs. Vi5 represents the voltage induced
in the transmitter coil due to the mutual inductance (say,
M) and the current flowing through the receiver coil (i2).
Va1 represents the voltage induced in the receiver coil due
to the mutual inductance and current flowing through the
transmitter coil (¢1).

With the help of Laplace transform and transformer theory,
the voltage transfer function can be derived [2]. From the
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above equation, it should be noted that the order of char-
acteristic equation (denominator) is four. Consequently, it is
called as 4*" order system. The roots of the characteristic
equation converges to the resonance frequencies.

With the help of the derived transfer function, frequency
domain simulations can be performed. Figure 5a shows the
bode plot for the power delivered to Ry whereas, Figure
5b shows the variation of the efficiency w.r.t. operating
frequency. Figure 5a shows two resonant peaks. Thus, the
transmitter can be operated at, or near two resonant frequen-
cies for the maximum power transfer. There are two falling
edges and two rising edges. The frequency control loop can
operate either on the falling edge or on the rising edge. In
any case, there are two operating points at which the gain is
the same but the efficiency can be different.

V(out)l(R2)

Rising
T

Operating
point

(Efficiency)

990m, e

810m Max \
Efficiency i

point

Fres 1 Fresz

10KHz 19KHz 28KHz 37KHz 46KHz 55KHz 64KHz 82KHz  100KHz

Fig. 5. Relation between output power and efficiency of power channel

From the marked crosses in Figure 5, it can be seen that the
operating point for the maximum power gain and maximum
efficiency is not the same. The maximum efficiency point
lies in between the two resonant peaks.

2) Detailed analysis: As mentioned earlier, for this sys-
tem the optimal operating point, where the efficiency is
maximum and input current (I11) is slightly lagging the
inverter bridge voltage (V(LH,RH)). can be calculated with
the help of mathematical analysis as shown in [2]. For this
topology and the calculated values of circuit components,

the optimal operating point (f,,) can be calculated to be
32.7kHz[2] and the frequency control loop operates on
the falling edge. At the calculated f,,, the time domain
simulations can be performed.
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Fig. 6. Operation of the system at the calculated f,p, D=100%

Figure 6 shows the voltage across the inverter stage of the
transmitter (V(LH,RH)) and the input current (I(L;)). The
lagging current indicates the system operating in an inductive
mode. The inductive mode of operation is always preferred
to get the advantage of Zero Voltage Switching (ZVS) of
the power switches. ZVS of the power switches improves
the efficiency of the system by minimizing the switching
losses. Due to ZVS the voltage across the switches rises
steadily, (i.e. no high dV/dt’s) minimizing the EMI problem.
As mentioned earlier, at a particular f,, the duty cycle (D)
control is used to control the power delivered to the load.
Figure 6 shows the waveforms for D=100%. Figure 7 shows
the same waveforms but at D=50%. It can be observed from
Figure 6 and Figure 7 that, introduction of duty cycle control
results in loss of ZVS. The loss of ZVS causes high dV/dt
on the corresponding node.
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Fig. 7. Operation of the system at the calculated f,p, D=50%
Figure 8 shows the voltage across the transmitter coil,
when fo,<fresis fop=fres1 and fop> fres1. It can be clearly
noted that high dV/dt’s are observed in all the three cases.
These high dV/dt’s may create a changing electric field be-
tween the node which carries the high dV/dt and surrounding
conducting components, which has some kind of capacitive
coupling to the environment. This can cause common mode
currents to flow from the system to the environment and
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back via the mains, causing common mode noise emission,
as shown in Figure 9
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There are many protective means of reducing the common
mode noise but, often these require additional and expensive
components, like filters.

Another important point to note, is the voltage across the
inverter power switches. From Figure 3, the peak amplitude
of V;, can be expected and observed across the inverter
power switches, irrespective of the load changes. Therefore,
one can state that:

V;'wpeak = V:rrLainspmk.

III. REQUIREMENTS OF THE SYSTEM

In the previous section, the presently used series resonant
topology is discussed in detail. It is capable of transferring
the power at high levels (kW) at high efficiency but it
is difficult to meet the non-functional requirements of the
inverter stage, i.e. EMIL. In the cordless kitchen system, the
transmitter (TX) remains the same and the receiver (Rx)
changes, depending on which appliance is located on the
table top. Thus, it is beneficial if the drawback of the cordless
kitchen system is minimized by modifying only the trans-
mitter side. Thus, in the further studies different topologies
for the transmitter are analyzed keeping the receiver part
the same. The basic requirement from the new transmitter
topology is to meet all the non-functional requirements
intrinsically without compensating for the efficiency .

As mentioned earlier, the duty cycle control might result
in the loss of ZVS of the power switches resulting in high

dV/dt’s at the bridge nodes. The change in the input current
w.r.t. time (dI/dt) as well as the change in the voltage
across the transmitter coil w.r.t. time (dV/dt) may create
electromagnetic interference (EMI) problems. This gives rise
to the first requirement of the system: having a low EMI.

Thus, one can summarize the requirements for the trans-
mitter topology as, functional requirements:

« Power transfer upto 2.4kW

« Efficiency > 90%

o Simple control system
and the most important non-functional requirement:

o« Low EMI

Based on these requirements a new topology is identified and
analyzed in further sections.

I'V. PROPOSED TOPOLOGY

Figure 10 shows the proposed topology which might be
easier to meet the non-functional requirements. An attempt is
made to meet the functional and non-functional requirements
by modifying the transmitter side. And the best suitable
topology is presented further in this section.

C
Lchoke ‘{ 2
51X gy k
11 / \
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‘/lnT Cl L1 LQ % vout§ RL
[
So RH
X Sy
Transmitter Receiver
Fig. 10. Current source parallel resonant topology

A. Description of Current Source parallel resonant topology

Figure 10 shows the current source (CS) parallel resonant
topology. Lcnoke is placed at the DC side of the inverter
stage to realize a current source driven parallel resonant
inductive coupler. It should be noted that, as it is a current
source driven topology, there should be some ’overlap
time’ between the switches of the same bridge leg. Again,
to analyze the properties of this topology, mathematical
analysis together with the simulations in the time and
frequency domain are performed. It can be observed that,
due to the presence of L.poke it is harder to perform the
frequency domain simulations for this topology. One can
reduce the circuit with the proper mathematical analysis and
proceed with the further evaluation. In this case, to proceed
with the analysis following (realistic) values are chosen:

. ftx = frm = 33 kHz
. Ll =290 uH



e Loy =290 uH
. Cl = 1/(47r2ft2.rLT€S) F
o Cy=1/(47%f2 Ly) F

. Lchoke =1 mH

o Lyes = L1||2Lchoke

e k=035

e R, =109

e Vin =325 V DC (for time domain)

B. Analysis of CS parallel resonant topology

1) Mathematical analysis: The topology is based on the
principle of parallel resonance in which the circuit offers
maximum impedance at the resonant frequencies.

For this topology and calculated circuit component val-
ues, the resonant frequency of the whole system (fy..s1) is
observed to be 28.2kHz. With the help of these calculated
circuit component values, the time domain simulations of
the circuit shown in Figure 10 can be performed. Figure 11
shows the voltage across the transmitter coil of the resonant
inductive coupler when the inverter stage is operated at

fop<fresls fop=,f'r‘esl and fop>fresl~
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Fig. 11. Voltage across transmitter coil (a) fop <fres1, (b) fop=Ffres1 and

(C)fop>fresl

Interestingly from Figure 11, it can be seen that when the
inverter stage of the transmitter is operated at or below the
fres1, high dV/dt’s are not observed. On the other hand, when
the inverter stage is operated above the fy .51, high dV/dt’s
are observed. Therefore, based upon the requirements stated
in the earlier section, the operation of this topology at or
below f,..s1 is preferred. When the system is operated below
fres1, the transmitter coil voltage waveform is almost a sine
wave. It has an event near the zero crossing of the sinewave
where the voltage is almost zero (say Tfrecze). Thus, for
the analysis of the system operating at or below f..s1, First
Harmonic Approximation (FHA) can be used [1]. With the
help of FHA, a simplified equivalent circuit of the system
can be derived as shown in the Figure 12.

The FHA allows to replace the current source (I,.) and
the capacitor (C7) with an AC voltage source (V;C). The
transmitter capacitor (C) does not influence the receiver coil
voltage gain but it does affect the phase of the input current
(I1). Thus, the capacitor (C7) can be regarded as a phase
compensator for the input current drawn from the AC voltage

11 12
—
Lres L2

szc () J— C(1 Vout R2

GND

Fig. 12.  Simplified equivalent circuit for CS parallel resonant topology
operated below fres1

source (V;C). In the equivalent circuit shown in Figure 12, R;
represents the equivalent series resistance of the transmitter
coil (L;), equivalent series resistance of the choke coil
(Lenoke) along with the equivalent series resistance of the
capacitor (C1). Ry represents the load resistance along with
the equivalent series resistance of the receiver coil (L) and
the equivalent series resistance of the capacitor (C5). Vi
represents voltage induced in the transmitter coil due to the
mutual inductance (say, M) and the current flowing through
the receiver coil (i2). Vo represents the voltage induced in
the receiver coil due to the mutual inductance and the current
flowing through the transmitter coil. By applying the Laplace
transformation and the transformer theory, a voltage transfer
function can be derived as shown below.

Vi, 52(RaMCy) + sM

Ve 5(LyesLaCs — M?Cy) + 82(LyR1Cs + LyesCaRa) + $(RiR2Co + Lyes) + Ra
(1

The above equation shows that the order of the charac-
teristic equation (denominator) is 3. The more poles in the
system, the more difficult it is to control. Again interestingly,
it implies that the proposed topology is simpler to control
than the present topology. Therefore, in the further analysis,
the operation of the current source parallel resonant topology
above the f,.s1 is discarded and the operation at or below
the fres1 is considered.

2) Detailed analysis: As mentioned earlier, for this topol-
ogy and calculated circuit component values, the resonant
frequency (fres1) is observed to be 28.2kHz where T'fyccc is
zero. Therefore the system is operated at or below 28.2kHz,
and other parameters like the voltage across switches, be-
haviour on load disconnection etc. are examined in this
section.

With the help of time domain simulations of the circuit
shown in Figure 10, at f,, say 27kHz, the voltage across
all the circuit components, in steady state conditions can be
observed.

Figure 13 shows the voltage observed across the choke
coil (L¢poke) and the transmitter coil. It shows that there are
no high dV/dt’s present in any of the coils on transmitter
side, under normal operating conditions. This is beneficial
from the EMI point of view.

As shown in Figure 11a, when the inverter stage of the
transmitter is operated below f,..s1, the voltage across the
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transmitter coil appears to be a discontinuous function. With W
the help of time domain simulations, it can be observed that -
the peak voltage across the transmitter coil (V) and T'freeze T L
increases with decrease in operating frequency. Therefore, it o Vaess
= .
can be stated that the amplitude of the first harmonic also * Veyes
changes with the change in operating frequency (f,,). And
thus, it is comparatively difficult to perform the frequency
domain simulations for the equivalent circuit shown in Figure !
. . A Oper.allng//, At fres/'
12. For better results from the frequency domain simulations, point
one has to model the source ¥ such that the amplitude of the % , ,
first harmonic changes according to the operating frequency. e o & 2o 28 2K

The relation between the amplitude of the first harmonic
(Vacrua) and the operating frequency (f,p,) can be derived
with the help Fourier analysis of the transmitter coil voltage
waveform shown in Figure 14.

— v
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Fig. 14. Transmitter coil voltage waveform for detailed analysis

From Figure 14 the relation between the peak amplitude
(Vi) and operating frequency (f,,) can be derived and is as
shown in the equation below:

‘/tz - f(fo;n f'r‘es) (2)
And, at f,, = fres. the peak amplitude can be given by:

Vinm

5 A3)

Vizres =

Fig. 15. Variation of normalized fundamental harmonic with respect to

fop

It should be noted that the FHA is valid only at or below
fres1- Therefore, the whole mathematical model for the
frequency domain analysis is valid only at or below f.cs1.

Another important point to observe is the switch voltage.
It can be seen from Figure 16 that, the peak voltage (Vsy,,.,,)
appearing across the switches is more than V;,,. With the help
of previously derived relation of the peak amplitude (V;;),
it can be calculated that Vi, ,, is /2 times the V;, at
resonance, and it increases further with decrease in the f,),
as shown in Figure 16.

V(LH) — AtF,, = 28.2kHz
---- AtF,, = 27kHz

Ops. 10ps 20ps 30ps 40ps 50ps 60ps 70us 80ps 90ps

Fig. 16. Voltage across the switch Sa

V. EXPERIMENTAL MEASUREMENTS AND COMPARISON

To verify the calculated and simulated results, a new
prototype with the proposed topology was built. The EMC



tests according to the standard CISPR14 were performed on
the present system (series resonant topology) as well as the
new prototype (CS parallel resonant topology). Figure 17
and Figure 18 shows the EMC measurements recorded for
the present system and new prototype, respectively.

(RFIF: 0/10 dB Auto )

(IB: 9KkHz )
(MT: 10ms ) min  max
205 205

Fre Mark:
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MHz
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Pre Only
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dBuv 80
Allowed average Allowed QP

L noise level / noise level
o4 T / I
T 8 4

SNR 404

0.15 MHz

Fig. 17.  Series resonant topology- EMC measurements, fop=135kHz,
Pout=2.4kW

Both the figures shows the maximum allowed noise level
for the Quasi Peak (QP) noise measurement according
CISPR14 (uppermost line) and maximum allowed noise
level for the average noise measurement according CISPR14
(middle line).

ooy Fre Mark: 0.2700 MHz (ow:omo e aod
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Fig. 18. CS parallel resonant topology- EMC measurements, fop=135kHz,
Pout=2.4kW

As per expectations, from Figure 18 a considerable re-
duction (10 dBuV) in the high frequency noise level can
be observed in case of the CS parallel resonant topology.
Therefore, the size of the mains filter can reduced.

From the detailed analysis explained in section II and
experimental results, various factors can be noted down, as
shown in table I.

Table I shows that, though the series resonant topology
is easy to implement and widely used, it possesses some
drawbacks when applied in the cordless kitchen system. It
has advantages like the use of the low voltage switches, easy
power control but, the EMI performance is relatively poor.

It can be observed that CS parallel topology is more suit-
able topology for the cordless kitchen system, when it comes

TABLE I
COMPARISON OF DIFFERENT TOPOLOGIES

Series topology | CS parallel topology

(in proposed region)

High dV/dt in transmitter coil | Yes No

Voltage across power switches | V; (7/2)*Vj,, or more

Use of duty cycle control Possible Not possible

Loss of ZVS Possible Not possible

Control Comparatively Comparatively
difficult simpler

to saitsfy the non-functional requirements. High dV/dt’s do
not occur, which offers good electromagnetic compatibility.
The only disadvantages of the proposed topology are the high
voltage rating of the power switches (more than 2V;,,) and
the loss of control over the delivered power, as duty cycle
control cannot be used. One can make use of the varying
input voltage (V;,,) to control the delivered power.

VI. CONCLUSION

The paper explained the basic principle of cordless kitchen
system along with its requirements. There are functional
as well as non-functional requirements. The present series
resonant topology for the transmitter has the drawback that
it is harder to meet the non-functional requirements. With
the help of mathematical analysis, simulations as well as the
experimental results, the paper suggested the ’current source
parallel resonant’ topology for the cordless kitchen system
which can meet the non-functional requirements more easily.
To achieve the control over the delivered power to the load,
one can employ a pre-power stage on the transmitter side
or a post-power stage on the receiver side. Thus, it can be
concluded that for the cordless kitchen system, the operation
of the current source parallel resonant topology at or below
resonant frequency of the system is a good alternative.
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A-1 Cordless kitchen system operation- Flow chart
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A-2 Voltage transfer function for series resonant cordless kitchen

system
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Figure A-3: Simplified equivalent circuit of present topology

By applying Kirchoff’s voltage law to A-3, we can get following equations:

Vin = Vio + 1123

where :
Viz = I(jw)M
V21 = —IQZQ = Il<jw>M
L) =
Z3
where,
M = k+/LiLo
and

K = Vki2ka1

Putting this /s in second and hence the first equation, we get:

—L(jw)M .
Vin =121 — 1(2 ) (jw)M
2
2072
s*M
S Vin= (21 — 1
in ( 1 22 ) 1
Therefore, one can say,
V:in = Ztotalll
where,
s2M?
Ztotal = (Zl - ZQ )
or,

Ztotal = (Zl + Zreflected)

Master of Science Thesis

(A-9)

(A-10)

(A-11)

Mahesh ltraj



66 Appendix

where,
2772
s*M
Zreflected = - 7 (A—12)
2
By applying voltage divider rule, voltage across Z,cfiected is :
Zy
‘/t _ eflected V;n (A—13)
Ztotal
or
Vi = Zreflectedll (A'14)
One must take this voltage in term of secondary winding parameters.
Thus, using relation from (A.4) in (A.12)
V, = Z’/‘eflected (V;TLZQ) (A_]_5)

Ztotal (_]W)M

Now for the output voltage (V,,:), we can again apply voltage divider rule, to get voltage
across Ry (i.e. load)

Vo = 22y, (A-16)
Zo

Using (A.13) in (A.14), one can get,

RQ Zreflected (V;nZ2)

Vi, = —= A-17
out Z2 Ztotal (_S)M ( )
Using (A.10) in (A.15),
s2M?
Vout ZQ 1
=R A-18
Vin 2 Ziotal ( S)M ( )
sM
‘/out 72
=R A-19
V;n 2 Ztotal ( )
Now from (A.8) Ziotar is :
Z1Z2 — 82M2
A-20
% (A-20)
Thus,
Vout RQSM
= A-21
Vo (125 — S207) (A-21)
Solving it, gives us the required transfer function:
Vout o 53(ClCQMR2)
Vin B 54(L1L20102 - ]”20102) + 83(R2L10102 + RngCng) + 82(L202 + L1C1 + R1R20102) + S(Rlcl —+ RQCQ) +1
(A-22)

Mahesh Itraj Master of Science Thesis
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Figure A-4: Simplified equivalent circuit for VS parallel resonant topology

A-3 Voltage TF for the equivalent circuit of VS parallel resonant
topology

By applying Kirchoff’s voltage law to Figure A-4, we can get following equations:

Vin =Via+ 111 (A-23)
where :
Vvlg = IZ(]CL))M (A—24)
1
Z1 =Ry +sL.+ [gH(RQ + SLl)] (A—25)
1
V21 = —IQZQ = Il(]w)M (A—26)
-1 j M
= ChirGw) e M (A-27)
Zo
where,
M = k+/Li1Lo (A-28)
1
Ty = Lo+ — A-29
o= Rp+sly+ 5 ( )
and
k = \/ki2ka1 (A-30)
Putting this I5 in second and hence the first equation, we get:
—I(jw)M
Vin =171 — 12”)(jw)M (A-31)
2
2M2
Vi = (21— 22 (A-32)
Z3
Therefore, one can say,
Vm - ZtotaZII (A'33)
where,
s> M?
Ztotal = (Zl - 7 ) (A'34)
2
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or,
Ztotal = (Zl + Zreflected) (A'35)
where,
s2M?
Zreflected = 7 (A-Sﬁ)
2

By applying voltage divider rule, voltage across Zrefiected i :

Zre ecte
v, = Sreflectedy, (A-37)
Ztotal
or
W - Zreflectedll (A'SS)

One must take this voltage in term of secondary winding parameters.
Thus, using relation from (A.4) in (A.12)

Zreflected (V:mZ2)
Ztotal (_]W)M

Vi= (A-39)

Now for the output voltage (V,,t), we can again apply voltage divider rule, to get voltage
across Ry, (i.e. load)
Ry,

Vout = Z2

Vi (A-40)
Using (A.13) in (A.14), one can get,

& Zreflected (‘/;nZZ)

Vout = A-41
' Zy  Ztotal (_S)M ( )
Using (A.10) in (A.15),
s2M?
Vout B ZQ 1
=R A-42
V;n L Ztatal (_S)M ( )
sM
‘/out 72
" =R A-43
‘/in LZtotal ( )
Now from (A.8) Ziotar is :
717y — s> M?
A-44
7 (A-44)
Thus,
Vgut _ RLSM (A—45)

V; (2122 — SQMQ)

Solving it, gives us the required transfer function:
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V,

out

SMR; (s3L1C,Cy + 52R,C1Cy + 5C3)
Vie  85(L1L,CiCoL. — LyCiM2Cy) + s*(RyL,L,C,Cy + RyLyCoL Cy + LiCi LR, C; — R,C,C,M?)
+53(RyRyC1L;Cy + LeLyCy + L1 LyCy + R.CoLiCi Ry + RyL.C{R,Cy + L1 Cy L. — M2C,)
+52(LoCoRy + LyCoR, + RyR,R C1Co + Ry L.Cy + R L Cy + LiCyRy + R,L.Cy)
+S(R1R.C; + RyR.Co + RiR,Cy + Lo+ Ly) + (Ry + Ry)

A-4 Normalized current TF of series resonant cordless kitchen sys-
tem

Defining V;;, = u,

1. Basic equations for figure A-3 are:

wli + R Vi — doMini
Up (]Tcl+jw 1+ R1)ip — jwMi2iz

(A-46)
0=( L + jwLs + Ro)i jwMo11 (A-47)
= jwCs Jwl2 2)t2 — JwiVi21?1 -
2. Putting
) we Ly
— =wily, Ry = ——, Myy = Kyyy/LaLy (A-48)
:c Qu
one can get,
2
wiL , wily. . . .
up = ( ;wl + jwly + 6311)11 — jwKi9v/ L1 Lois (A-49)
wiL . wolsg. . . .
0= ( ;WQ + jwLy + 2222)ZQ — jwK19v/L1 Lyiy (A-50)
3. Now let us define,
Loy
=,/ == A-51
no1 I (A-51)
RV L1L2 = L11’L21, (A—52)
thus one can obtain:
WwiL . wily. . . .
up = (— Lt jwl; + = 1)11 — JwKi2L1noyio (A-53)
Jw Q1
w2L , wolsg . . . Loy .
0=( 272 + jwlLo + 2 2)12 —ij12—221 (A-54)
Jw 2 na1
4. Dividing each equation by jwL,
S e PR U P O (A-55)
Tl w2 TwOs 1 1272112
0 [—§+1+ 2 1, — 21z (A-56)
w? JwQ2 > gy
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5. From (B.14):

K
(=)t
nai
io = | % s ]
—Z +1+-
| 2 JWQ2]
6. Putting (B.12) in (B.10)
Kia . .
u w? (T)Zl
— [72—1-14- Jiy — Kiongy [——5—2
Jwly w Jw Q1 (T9 gy 2
2 JwQ2
7. Simplifying:
U2 (T 2
jwli - w? jwQi T W2 jw@y
8. Simplifying:
Up
. Jwly
n= 2 2
T R 1 2y
2 Jw@ 2 W2 JwQ2
9. Now using some more definitions
w9 Zr w Uop ) Up
- = = —, u = s 7 =
w1 7 waoLg / w1 Uop,maz w1l
one can get:
Up
; Jwly
1
1 1 B B
- 2 + + - KQ = 2 + + _ 7 1-1
10. Simplifying:
- (i)
o if . Jfﬁ
G2+ 14+ 5= = K HN (B2 + (G + 75171
Q1 Q2
L (i)ui
.. — . 5
R K[ LR
@1 Q2

Now From equation (B.19) one can write as:

(A-57)

(A-58)

(A-59)

(A-60)

(A-61)

(A-62)

(A-63)

(A-64)
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Thus, equation (B.25) and (B.27) represents the final expressions for the input and output
currents of a 3 winding transformer.

Therefore, other formulas can be derived, as shown below:

Dimensionless Load voltage, say ur:

ur, = iyyBniy (A-65)
Dimensionless Load power, say Pr:
Py, = i3yBniy (A-66)
Dimensionless received power, say P,
i3 o
P = @5”12 + P (A-67)
Dimensionless transmitted power, say P;:
P, =P, (A-68)
Dimensionless input power, say P,
2
i
P,=-L+P A-69
p Ql + t ( )
Efficiency, say n
Py,
== A-70
n=p (A-70)

A-5 Communication channel- Time Division Multiplexing [1]

The communication channel between the inductive power source and cordless appliance makes
use of a standard NFC protocol. This type of wireless communication allows data transfer only
at close proximity between the transmitter and appliance. When wireless power transfer and
data communication happen simultaneously, interference from the power transfer will occur
and will disturb the data communication channel. To eliminate this problem, Time Division
Multiplexing (TDM) is implemented. TDM is a method where the data communication and
power are transferred over the same channel but alternated in time. In case of the cordless
kitchen concept this channel is 4 cm of air. To have less interference from the wireless power
transfer during data communications, a time-slot of 2ms is chosen. During this time-slot the
power channel is turned off. In order to minimize power transfer loss the 2ms time-slot is
activated during the mains (50 Hz) zero crossings of the mains. A zero crossing detector as
shown in Chapter-6, can be used to detect the mains zero crossings.

Figure A-5 shows an overview of the TDM principle and the communication protocol package
format. Ucarrier is the signal that represents the communication signal. The On_ O f f signal
indicates the moments in time whenever the power transfer is enabled or disabled. lac_T=x
represents the current through the Tx coil modulated with the power carrier from the Tx
inverter. The transmitter and the receiver are equipped with a control unit which modulate or
demodulate the communication signal and provide an input to the power channel, if required.
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Ucarrier  [[[]]] 0 ' 11

On_Off [ I I L
lac_Tx nll‘l“l‘l‘l‘lll,,,, Alll““‘l“lllt_
HL VYUV YYY YV VVvY AAARR R AA AR A

0 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms 18ms  20ms

e | QONONONONONONONONONOANANANANANANANANT

Data Package

{load modulation} Checksum (1B)

Figure A-5: Conceptual representation of Time Division Multiplexing (TDM)[1]

A-6 Simulation model for proposed topology

This section explains the development of the practical model which can be built. For the
time domain simulations, LTSpice is used. A basic simulation model without any control
mechanism as shown in Figure A-6 can be simulated in LTSpice.

Figure A-6 shows the circuit along with the calculations required to calculate the circuit
components. L represents the transmitter coil whereas, Lo represents the receiver coil. To
realize the resonant tanks, capacitors C, and Cs are used on the transmitter and the receiver
side, respectively. The sources represents the gate drive circuitry required for the inverter
power switches (S; to Sy). With the aid of LTSpice simulator, in-built MOSFET’s can also
be used as power switches instead of these normal switches. L3 represents the choke coil.
Capacitor Cy, diode Di,ains1 and power supplies (Vip and B1) together represent the diode
bridge rectifier. To control the power delivered to the load and introduce a communication
window, buck converter as a pre-power stage can be used. The details about PWM signal
given to the buck power stage are given in next section.
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Dmains W?L%“
mains_rectified 1
RFNSTF8S m | L, -
0 M| .
w s1 — 5 L —s3
f vo L B STW11NM80 2004 STW11NM80
C> (2) Leg_Ls c1 sLeg R
" SINE(0 325 50) | V=abs(V(mains))
— L
M3 = {C_Tx} ey M2
s2— - Lsa
STW11NM80 STW11NM80
~ K1L1L2 035
Sources L2 c
v2 290y C_Rx
Leg_L—©7s1 PULSE(0 10 0 100n 100n {Ton} {Ts}) (CRx) RL
10

N
Leg_R—Q ﬁﬁss
~T\V5
—{(1 H—sa
N
(0 sz
v R

PULSE(0 10 {Th} 100n 100n {Ton} {Ts})

PULSE(0 10 0 100n 100n {Ton} {Ts})

PULSE(0 10 {Th} 100n 100n {Ton} {Ts})

Calculations

.param Th= Ts/2
.param Tdead = 0.1u

.tran 20ms

.param Fs=27k, Ts=1/Fs, Ton = Ts/2 + Tdead, F_Tx= 33k, F_Rx=33k
.param C_Tx=1/(4*pi*pi*{F_Tx}*{F_Tx}*{253.275u})
.param C_Rx=1/(4*pi*pi*{F_Rx}*{F_Rx}*{200u})

Figure A-6: LTSpice model for CS parallel resonant topology

A-7 PWM block schematic

PWM
X1
UD—= In 3 o
B6 v|133 L
1 RS S
10K 2
1 1 1

V=V(Zero_X_buck)*V(D)

: Zero_X_buck

<

Zero X _buck > PULSE(0 1 {Tzero_X/2} {Trise_X} {Tfall_X} {Thigh_X} {Tmains/2})

Figure A-7: Duty cycle control for the buck stage of the transmitter

Master of Science Thesis

Figure A-7 shows an example of such PWM generator required for the buck power stage. It
can be seen from Figure A-7 that by varying V(D) in the schematic, the duty cycle can be
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varied. To detect the mains zero crossings, a zero crossing detector (zero_x_ buck) is used.
It can be defined with the help of different constants like zero crossing time T'zerox/,, rise
time (Tyisex ), fall time (T'rqux ), On time (Thighx ). In this case, the duty cycle signal (U__D)
changes from 0 to the desired value (say 100%) in the time period defined by T};scx, stays at
the desired value for the time period defined by Tj;g,x and goes back to 0 in the time period
defined by TfallX~

The detailed schematic of the PWM generation block (X7) is shown in Figure A-8. The gen-
eration takes place by comparing the duty cycle signal (U__D) with a triangular waveform of
twice the inverter operating frequency (f,p). Using such a system one can observe the trans-
mitter coil voltage at a particular operating frequency. Figure 5-8 shows us the transmitter
coil voltage with a communication window, at operating frequency 28.2kHz and duty cycle
(Dpuck) equal to 100% .

B1
T < GND_PWM (| {}{out -
o Nt
— 2 Et i V1 V=if(V(v1)>V(V2),0,VoutMax)

.param t=1/f VoutMax=10 f=2*fs InMax=1 InMin=0 a=1 Delay=0 Trise=t/2 Tfall=t/2

Figure A-8: Detailed schematic of PWM generation block

A-8 Advanced zero crossing signal

To reduce the higher harmonic content one can reduce the slope of zero crossing signals
(V(Zero_X_buck)) used by the PWM generation circuit. This can be done by increasing
the Trise x and Tyqy x in the schematic[4]. Thus, the duty cycle signal (U__D) can slowly
increase from 0 to the desired value (say 100%) instead of a sudden change. Figure A-9 shows
the original and advanced zero crossing signals supplied to the PWM generation circuit.
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Zero_X

0.8V
0.6V
0.4V

0.2V

0.0V J \_

Modified Zero_X

0.8V

0.6V

Reduced Slope Equal communication window

0.4V

0.2V

0.0V
Oms 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms 18ms

Figure A-9: Advanced zero crossing signal for reduction in mains current harmonics

A-9 Loss of Zero Voltage Switching at low duty cycles

A-9-1 Hard switching

In any power converter, power switches do contribute to the losses in the system. In the
power switches, there are two types of losses: Conduction losses and Switching losses. The
conduction losses are the losses caused by on-resistance (R,,) of the switch and current
flowing through the switch (I1). R,y is the resistance offered by the switch while it is in
the conduction state. Figure A-10 shows the conceptual representation for hard switching
indicating different types of losses in the switches.

| Ln <«———— Conductionlosses ———»

V_sw 1

Turn-on power loss

Turn-off power loss

Figure A-10: Conceptual representation of hard switching|[8]

Apart from that, it can be seen from Figure A-10 that during turn-on (closing the switch) and
turn-off (opening the switch) presence of voltage across and current through the switch can
also contribute the power dissipation in the switch. Therefore, switching losses are the losses
in a switch caused due to the presence of voltage across (Vs,) and current () through the
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switch. More the power dissipation in the power switches, lesser the efficiency of the system.
The conduction losses can be considered as constant losses, for a given load, as R,, of the
power switches cannot be varied. But one can reduce the switching losses. Therefore, some
switching techniques are applied where the switch is turned-ON or turned-OFF or both at
zero voltage (ZV) or at zero current (ZC) or both (ZV-ZC). For the power switches, Zero
Voltage Switching (ZVS) technique is most commonly used, to avoid the losses the internal
capacitances of the switches[ref of book]. Implementation of ZVS helps us in two ways:

e It minimizes the switching losses.

o It reduces the dV/dt’s (rate of change of voltage with respect to time) across the switches
and hence it improves the EMC performance of the system.

A-9-2 Loss of ZVS

One can make sure that ZVS is applied to avoid high dV/dt’s and minimize the switching
losses, however, in some cases (as explained in Chapter 3) the system might lose the ZVS
technique. The detailed decription of loss of ZVS at low duty cycles is given in this section.

S5
c2
| —ig

51 53 e :
Dl :__o__}Ds :__c__b__: Cl k
| |
LH |
No ZVS I L2 I is
Vin ()
RH
I R St I "l\\\.‘
AN, VR 2vs
D2 L.l D4 o )
S2 S4
\ |
I |
Tx Rx

Figure A-11: Series resonant topology at Ly=Ly =290uH, C;=C5 =80.278nF, k=0.35, V;,
=325V, Ry, =10 Q, f,p, =32.7kHz, D=50%

In case of series resonant topology at low duty cycles, loss of ZVS switching is observed. As
shown in Figure A-11, at low duty cycles one of the inverter bridge legs operates with ZVS
technique whereas, another leg loses its ability to operate with ZVS technique. Figure A-12
shows the details of the voltage across the inverter bridge (V(LH,RH)) and current through
the transmitter coil (/7). Figure A-12 also shows the conducting devices and ZVS instances.
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—— V(LH,RH) - (L)
360V 8A
A N
turn-off % &
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Ja0v S3,D1 $2,53 S2,D4 For 52 v tuzr\rfsoff | $3,01
< < // = \. \\
s For 54 \
e b Vs
\;— ’ \ turn-on 48
120v No zvs || Fors3
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N 2 For 1 : 2A
\ \
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-8A

Figure A-12: Series resonant topology at low duty cycles- inverter bridge voltage and current
waveforms

Explanation: For instance one can observe the positive rising edge of the inverter bridge
voltage (V(LH,RH)). Just before the rising edge, switch Sy is turned-OFF. As the current
(I11) is flowing through the diode (D3) of the switch (S2), the switch is turned-OFF with
ZVS technique. At the rising edge, switch Sy is already ON and switch S; is turned-ON
(closed). Therefore, one can observe that switch S; is turned-ON without ZVS technique.
For some period of time, switch S; and Sy conducts and delivers the power to the load. On
the falling edge of the inverter bridge voltage (V(LH,RH)) switch Sy is turned-OFF while
current is still flowing through it and thus switch Sy is turned-OFF with ZVS technique.
Similarly, during the negative half of the inverter bridge voltage (V(LH,RH)) turn-ON of the
switch S5 is observed to be with ZVS technique and turn-OFF of the switch S3 is observed
to be without ZVS technique.
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Appendix

B-1 Voltage TF for reduced equivalent circuit of CS parallel reso-

nant topology

m(

D=

GND

res L2

Via

o AN
L

Vout RL
Vo1

GND

Figure B-1: Simplified equivalent circuit for CS parallel resonant topology operated below f.s1

By applying Kirchoff’s voltage law to Figure B-1, we can get following equations:

where :

where,

Master of Science Thesis

Vin = Vio + 1 23 (B-1)
Vie = Iy(jw)M (B-2)
Z1 = R1 4 SLyes (B—3)
Vor = =127y = I (jw)M (B-4)
—I (jw)M
[y = —— T B-5
1= —hU (85)
M = ky/I1Ls (B-6)
1
Zy = Ry +sLo + — -7)
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and
k= v k12k21 (B—S)

Putting this /s in second and hence the first equation, we get:

—IL(jw)M , .
Vin =112y — 1(§Q)<yw)M (B-9)
s2M?
Vm = (Z1 — 7 )Il (B—lO)
2
Therefore, one can say,
‘/in = Ztotalll (B—ll)
where,
s> M?
Ztotal = (Zl - 7. ) (B'12)
2
or,
Ztotal = (Zl + Zreflected) (B_13)
where,
s2M?
Zreflected = - 7 (B—14)
2
By applying voltage divider rule, voltage across Zcfiected 1s :
Z
% _ reflected V;n (B—15)
Ztotal
or
Vi = Zreflectedll (B_16)

One must take this voltage in term of secondary winding parameters.
Thus, using relation from (A.4) in (A.12)

Zreflected (‘/zn Z2)
Ztotal (_JW)M

V, = (B-17)
Now for the output voltage (V,ut), we can again apply voltage divider rule, to get voltage
across Ry, (i.e. load)

Ry

‘/out = Z2

v, (B-18)
Using (A.13) in (A.14), one can get,

& Zreflected (V:mZZ)

Vout = B-19
' Zy  Ztotal (75)M ( )
Using (A.10) in (A.15),
s2M?
Vout ZQ 1
=R B-20
Vin L Ztotal (_S)M ( )
sM
‘/out 72
. - R B-21
Vin LZtotal ( )
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Now from (A.8) Ziotar is :

717y — s> M?
B (B-22)
Thus,
Ve = G (5-29)
Solving it, gives us the required transfer function:
Vour S2CyMRy
Vin  83(LresL2Cy — M2Cy) + s*(RpLyesCo + R1LoCo) + s(R1RLCo + Lyes) + 1%3 20)

B-2 Normalized current TF for simplified CS parallel resonant topol-

ogy
2
Up T( Vout ZL

Transmitter Receiver
1. Basic 2 equations are:
Up = [(ijl + Rl)il — jwMig (B—25)
1

0= (jWC2 + jwls + Ry + ZL)ig — jwMiy (B—26)
2. Putting

1 5 Wyl

— =wiyly, Ry = ———, M =K+ L1Ly (B-27)

02 Qm

one can get,

. wily,. . .
up = [(jwLy + = 11 Ji1 — jwK /L1 Laio] (B-28)
wa L , wo L . .
0= ( 2 2 +]WL2 272 )12 — ij\/ L1Loiq (B—29)
Jw Q2
3. Now let us define,
Lo
=7 B-30
n=\T (B-30)
Loy
VILiLy = Lin=—= (B-31)
n
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thus one can obtain:
L
up = [(jwL1 + Wé i1 — jwK Linis)] (B-32)
1
LQ wo Lo . . Ly .
0= wl — jwK— B-33
& i + jwlo O )iz = jwK =1 (B-33)
4. Dividing each equation by jwlL,
Up w1 .
=[(1 - K B-34
ol U Gag 1 K 554
2
w2 1 ZL
0= 2 414+ 22 2, — B-35
5. From (B.11):
K. .
(—)i1
i2 = | 5 n ] (B-36)
. S
2 JwQ2  jwlo
6. Putting (B.12) in (B.10)
2
Up w1 21 "W wo 21 1.
: = : - K +1+ : i B-37
joln M e 22 jo@s T jer, 1 (B-37)
7. Further simplifying for i;:
Up
. jwl
" wi éw - w2 Zr, (B-38)
14+ —— - K? +1+ ——]~1
Jw@1 | w? JwQ2  jwlo
Up
. jwl
i = e (B-39)
1+ +EA[—2 41+ — -1
Jle - w? ]W(QQ wolo
8. Now using some more definitions
w9 ZL w Uop Up
— —, g s = —, u = = B—4O
w WQLQ f w1 Uop,maz wlLl ( )
one can get:
ui
i = - J Jé 1 (B-41)
T = K21+ ()2 + (5 + )]
MG e )
12. Simplifying:
. ul
if+ 5 = K22 LGP+ B2+ 5B+
Jf@1 Q2
i = ek - (B-43)
i+ =5 K =B8]
fQ Q2
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Now From equation (B.12) one can write as:
e L QT 1O ST S 1 ~1;
_ N B-44
o= LB (G T (B-44)

Thus, equation (B-43) and (B-44) represents the final expressions for the input and output
currents of a CS parallel resonant system.

Therefore, other formulas can be derived, as shown below:

Dimensionless Load voltage, say uy:

ug = ipyBn’ (B-45)
Dimensionless Load power, say Pr:
P, = pn (13-46)
Dimensionless received power, say P,.:
B o
P, = @ﬁn + Pr, (B-47)

Dimensionless transmitted power, say P;:

P, =P, (B-48)
Dimensionless input power, say P,
B, = 51 + P (B-49)
Efficiency, say 7
- iﬁ (B-50)
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B-3 Fourier analysis
Vo oo — vy
---- 1% harmonic
I s ) T, =1/f,
i \\ w, = 271f,
/)
Vs
4 \
/7 \
/! AY
/ s\
/ A Y
7 \
- T
C(1§ Tz‘esl Bl ‘
2 .
| ,
< 2
: Tf:v'eeze i }
T =
Figure B-2: Transmitter coil voltage waveform for detailed analysis
The waveform can be defined by:
ft)=0 0<t< (B-51)
= Vigsinwyes(t — aq) ap <t B
T
=0 A
The waveform is symmetrical, therefore a,=0 .
Top
Wi [ |
by = f(t)sin nwept dt (B-52)
Lop Jo
2
WViw [P ,
=z SiNWyes(t — a1) 81N Nwept dt (B-53)
Top aq
4Vip [Pr 1
— =08 (Wrest — Wres@1 — NWopt) (B-54)
Top aq
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— §cos(wmst — Wres + Nwgpt) dt
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for the first harmonic, n=1.

by =

To simplify the above equation one can define and substitute a; and 8, where,

to get,

by =

coS(Wrest — Wres — Wopt)

DN |

4Via
Top

B
J,

— —C08(Wres — Wresl1 + Wopt) dt

DO =

SIN(Wrest — Wres1 — Wopt)

2Via
Top [ (wres - Wop)
_ sin(wrest — wreso + WOPt)]ﬂl
(wres + Wop) “

2Vig [Sin(wresﬁl — Wres@1 — Wopﬁl)
Top (wres - Wop)
. Sin(wresﬂl — WresQl] + wopﬁl)
(Wres + Wop)
sin(—wepr1)
(Wres - Wop)
sin(wep1 )

(Wres + Wop)

]

1 =« ™ )

o] = — —
2 Wop Wres

3 1 ( T T )

1=z
2 Wop Wres
v o —8Vi COS(T( Wop ) Wres
ACFHA — o 2 __ 2

TOP 2 Wres wop Wres

(B-55)

(B-56)

(B-57)

(B-58)

(B-59)

(B-60)

Equation (B-62), gives the amplitude of first harmonic of the waveform shown in Figure(3).
Using this equation, it can be seen that, when converter is operated at frequencies 0.9 f,cs <
fop < fres, amplitude of first harmonic is more than 0.94. Thus, for an AC analysis a suitable
model can be derived using first harmonic approximation. Also the amplitude of the third

harmonic can be given as:

bs =

Master of Science Thesis

2Via [Sin(w'r'esﬁl — Wres1 — 3wop1)
Top (Wres — 3wop)
 sin(wresP1 — wres1 + 3wopSi)
(wres + 3w0p)
s1n(—3wepr1)
(Wres - 3w0p)
sin(3wepar1 )
(Wres + 3w0p)

]

(B-61)
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B-4 Relation between peak amplitude and operating frequency

For a waveform as shown in Figure B-2, one can write :

5 Tres
Vin = T J 2 VizSinwyest dt
op
Thes
_ 2‘/tx[—coswrest] 9
Top Wres 0
o 2Viz TresWres 0
=7 [—cos — cos 0]
opWres
4Viy
Topwres
_ 2Viz (Tres)
T Ty
oAt Wop = Wres
Vinm
V;fac = ’L;L
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(B-63)

(B-64)
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B-5 Frequency domain analysis

With the help of equivalent circuit derived in Figure 5-3, one can perform the frequency
domain analysis. It should be noted that, the mathematical model for V. is valid only below
fres1, therefore the frequency domain analysis can be performed only till frcs1.

V(L2)
5 T T T T
load
connected
load
7 7 disconnected
ok -1.02dB 4
/ 2 Invalid
T region
V,
Lie Operating
(dB) / point /At ﬁ‘es
5 4
-8.35dB
7...4?.:.’::::::.—:—.-.—.._..4'__ R
-10 1 1 ] ]
25KHz 26KHz 28KHz 30KHz 32KHz 33KHz 34KHz

Figure B-3: Frequency domain analysis of CS parallel topology: receiver coil voltage below fi..s

Figure B-3 shows the receiver coil voltage gain (V72) when operated below frcs1. As discussed
in case of the series resonant topology, the load disconnection can result in severe overvoltages
across the transmitter and the receiver coil. However, the behaviour of the CS parallel
resonant topology on load disconnection is observed to be different. From Figure B-3 it can
be observed that the receiver coil voltage decreases on the load disconnection. It implies that
the transmitter acts like an inductive voltage source and offers intrinsic overvoltage protection.
As explained earlier, the capacitor (C7) does not influence the receiver coil voltage gain but it
does affect the phase of the input current (I7). Therefore, for analyzing the behaviour of the
input current on load disconnection, one should take into account the transmitter capacitor
(C1). Figure B-4a shows the frequency domain analysis of the input current (I;) when the
load is connected. It can be observed that at the operating point, the phase of the input
current is negative.

Figure B-4b shows the same current on load disconnection. It can be observed that the phase
of the input current remains the negative. Therefore with this topology, the load disconnection
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A
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I
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Figure B-4: Input current at f,,=27kHz when (a) load connected and (b) load disconnected

does not result in the capacitive mode of operation of the system. Thus, high dV/dt’s and the
overvoltages across the transmitter coil will not be observed. The input current will always
lag the transmitter coil voltage.
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C-1 Mathematical model: MathCAD

To calculate the amplitude of fundamental harmonic one has to define the components:
U:=328 R1:=0.01 RL:=10 RL1:=1000(

Tikickes et _g i
C2:=80.278x 10 L2:=2.90x 10
f res :=28200

—6
Lchoke -2-290-10
Ll:= i=y-1

2Lchoke + 29010 °

f op :==2500025001.3350( 1
Cl:=

t(f op) = b, 41233000 -L1
f op

1

t res :=

M :=0.35{L1L2

f res

® res :=2-m-f res |

o(f op):=2-7-f op |

1 b T 3
B(fop):= 5[03(— i J ‘ s(f.op) = o(f_op) i

fop) ©res

alf )-l-( D e ]
=P il o(f op) © res

o op(fop)=2x-fop ‘

e [ t(f op) ]
t_res

Vpeak(f op) := 5

fundamental (f op) :=—8

t(f op)

V[:lf:f;l]i(f_opj_COS T[__(D(f_op) ] ® res
2 o res

2 2
o(f op) — @ res

To observe the behaviour of the input current and its phase, when the load is connected one
can use the following script:
Vinl(f op) := fundamental (f op)

s
u-—
2

4 2 3 2
s(f o -(Ll-LZ-Cl-CZ* M -Cl-CZ) + s(f_o RL-L1-C1-C2+ R1-C1-C2-L2) + s(f o L2.C2+L1-C1+ R1-RL-C1-.C2) + s(f_op)-(RL-C2+ R1-C1) + 1
LoD LOp _0p _Op

Iin(f op) == -Vinl(f op)

3 2 2
s(f op -L2:C2 - M"-€2] + s(f op) (RL-L1-C2 + R1-L2-C2) + s(f op)-(L1+ RI-RL-C2) +
f (Ll L2:C2-M CZ) f L1-C2 + RI-L2:C2 f L1+ RI-RL-C2) + RL
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xI(f op) = 2010g( |Iin(fﬁop)|) |

. 180
x2f op) = arg(lin(f_op))-—
b8

To observe the behaviour of the input current and its phase, when the load is disconnected
one can use the following script:

4 2 3 2
s(f op) -(Ll-LZ-Cl-CZ - M -c1-cz) + s(f op) (RLI-L1-C1-C2 + RI-C1-C2-L2) + s(f op) (L2-C2+ L1-C1 + RI-RL1-C1-C2) + s(f op)-(RL1-C2 + R1-C1) + 1

Iin_dis(f op) == -Vinl(f_op)
o( 0p)L112-C2 - M2.C2) + s(F op)2(RLILI-C2 + RIL2-C2) + (£ op)-(L1 + RIRLL-C2) + R
xXf_op) == 20log( [lin_dis(f_op)|) |
. . 180
x4(f op) :=arg(lin_dis(f op))-—
’JT

To observe the behaviour of the receiver coil voltage, when the load is connected and discon-
nected one can use the following script:

2

f -RL-C2-M + s(f -M
vout (f op) = s(f.op) s(fop) -Vinl(f op)
o( op) (L1L2:C2 - MEC2) + s(f op)? RIL2C2 + RLLIC2) + (£ 0p)-(RLRL-C2 + L1) 4 R1
2

f -RL1-C2-M + s(f op)-M

vout dis (f op) == s(£ op) s(£ op) -Vinl(f op)

3 2 2
s(f op) (Ll-Lz-cz -M -cz) + s(f op)-(RI-L2-C2 + RLI-LL1-C2) + s(f op)-(RI-RL1-C2Z+L1) + R1

x(f op) =20 log( | vout (f op)| ) |

v(f op) = 2010g( |vout_dis(f_op)|) |
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To observe the behaviour of RMS value, freeze time (% fyceze) With respect to operating fre-
quency, one can use the following formulae:

Vpeak(f op) (f op

ﬁ f res

RMS(f op) =

t freeze(f op) :=2-a(f op) |
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Appendix

D-1 Mathematical model: Python script for normalized current

transfer functions

from __future__ import division

import matplotlib.pyplot as plt

import numpy as np

import numpy.matlib

#import control as c

from pylab import =

from cmath import =

from operator import truediv

from mpl_toolkits.mplot3d import Axes3D
R1=0.05

R2=0.05

R3=0.05

ZL=10

L1=253.275%10%x—6

L2=290%10%%x—6

L3=290%10%%x—6

f_tx=33000

f_rx=33000

Cl1=(1/4*np.pi**2xf_txx*x2xL1)
C2=(1/4*np.pi**2*xf_rxx*2xL2)
C3=80.278%10**—9
K=0.35

K12=0

K13=0.35

K23=0
M12=K12x*(L1%L2) x*
M13=K13x*(L1%L3) x*
M23=K23x*(L2%L3) x*
omegal=1/((L1%C1

x0.5
x0.5
x0.5
) #%0.

5)
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omega2=1/((L2%C2) *%0.5)
omega3=1/((L3%C3) **0.5)

Q1=100
Q2=100
Q3=100
beta= om

#beta2 =

beta3d =

n = (L2/
n31 = (L
n32 = (L
up=1

up_max=1
u=up/up_
i = up_m

def my_r
whil

def R2P(

retu
£f,i1,i2,
f= np.1li
gamma =1
for £ in

#for plo
fig = pl
plt.plot
fig.supt
plt.xlab
plt.ylab
fig.show

#for plo

ega2/omegal
omega2/omegal
omega3/omegal

L1)x*x0.5
3/L1)*%0.5
3/L2)%%x0.5

max
ax /(omegalxL1)

ange(start, end, step):

e start <= end:

yield start

start += step

X):

rn abs(x), angle(x)

i3,P1,Pin, Pt eff = [] [}, [],[],[].[],[],[]
nspace(0.1,1,200)

my_range (0.005,1.005,0.005) :

il.append (u/(1j*f + (1/1j*f+Q1)4+K#*2%1jxfxx3x(—f*x2+beta*xx2+1j*f
xbetax(1/Q2 + gamma))*x—1))

angle(il)

i2.append ((—K/n)s*f*xx2x(—fx+2+betaxx24+1jxfxbetax(1/Q2 + gamma))
sx—1x (u/(1j*f 4+ (1/1j*%£%QL)+K*#2x1j*f#x3x(—L*xx24+betaxx2+1j*xLx*
betax(1/Q2 + gamma))*x—1)))

np.absolute(il)

np.absolute(i2)

f = np.linspace (0,1,200,endpoint=False, dtype = np.float)

P1l.append ((np.absolute(i2))**2+xgammaxbetaxn**2)

Pt.append (((np.absolute(i2))=*x2/Q2)xbeta*n*+2 + ((np.absolute(i2
) ) **2+ gamma*betaxn**2))

Pin.append (((np.absolute(il))*%*2/Q1l) + (((np.absolute(i2))=*x2/Q2
)*beta*nxx2 + ((np.absolute(i2))x**2xgammaxbeta*xn**2)))

eff= P1[—1]/Pin[—1]

tting input current

t.figure()

(f,np.absolute(il))

itle(’Input current transfer function’, fontsize = 20)

el(’frequency (dimensionless)’, fontsize = 10)

el (’Input current (dimensionless)’, fontsize = 10)

()

tting output current
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78 figl = plt.figure()
79 plt.plot(f,np.absolute(i2))
80 figl.suptitle(’Output current transfer function’, fontsize = 20)

)

81 plt.xlabel(’frequency (dimensionless)’, fontsize = 10)
82 plt.ylabel(’Output current (dimensionless)’, fontsize = 10)
83 figl.show()

84

85 #for plotting efficiency

86 fig2 = plt.figure()

87 plt.plot(f,np.absolute(eff))

88 fig2.suptitle(’Efficiency variation’, fontsize = 20)
89 plt.xlabel(’frequency (dimensionless)’, fontsize = 10)
90 plt.ylabel (’Efficiency’, fontsize = 10)

91 fig2.show()

92

93 #for plotting input current phase

94 fig3 = plt.figure()

95 plt.plot(f,(angle(il)=180/(np.pi)))

96 fig3.suptitle(’Phase variation’, fontsize = 20)

97 plt.xlabel(’frequency (dimensionless)’, fontsize = 10)
98 plt.ylabel(’Phase angle’, fontsize = 10)

99 fig3.show()

100 plt.show()
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E-1 Schematic for the CS parallel resonant topology with buck
power stage
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E-2 Schematic for the CS parallel resonant topology with advanced
control buck power stage
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Table E-1: List of abbreviations and symbols

EMI | Electromagnetic Interference

ZVS Zero Voltage Switching

WPC | Wireless Power Consortium

NFC | Near Field Communication

IPT Inductive Power Transfer

IH Induction Heating

Tx Transmitter

Rx Receiver

TDM | Time Division Multiplexing

VS Voltage Source

CS Current Source

FHA | First Harmonic Approximation

PWM | Pulse Width Modulation

EMF | Electromotive Force

Jta Natural resonant frequency of the transmitter
Jra Natural resonant frequency of the receiver

fres Natural resonant frequency of the whole system
fop Operating frequency of the transmitter inverter stage
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