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Abstract—In this paper, the adoption of the inductive power
transfer technique is proposed to achieve contactless auxiliary
power supply for power electronics building blocks of medium
voltage converters. Due to the high degrees of design freedom
and multiple parameters in the system with series connected
transmitters, the optimization approach is proposed to realize
high efficiency, constant output voltage and low reactive power,
simultaneously. In addition, influence of various design parame-
ters on the final design is explored. Finally, the analytical model
and design procedure is verified through simulations.

Index Terms—Auxiliary power supply, inductive power trans-
fer, compensation networks

I. INTRODUCTION

Power electronics building block (PEBB) as the funda-
mental subassembly in modular converters is widely used
in medium voltage applications. Stacked PEBBs in many
topologies are normally floating with respect to the ground
potential, and there are huge potential differences between
reference potential of PEBBs and the reference ground. High
insulation capability is required in auxiliary power supply
(APS) system [1], [2]. The wireless inductive power (IPT)
supply without physical contact between the primary and
secondary sides is suitable for this application [3], despite
multiple design challenges that must be overcome.

Work presented in [2] uses one transmitter and one receiver
coil to supply all stacked PEBBs. However the air transformer
is bulky and could not be integrated into PEBBs. In [4], use of
IPT with multiple receivers and multiple separate transmitters
is presented, however each transmitter requires an individual
converter at its input.

Connecting transmitters in series is a preferable choice since
it requires a single centralized converter instead of multiple
converters at input stage and thus saves space inside the
medium voltage converter. The IPT system described in [5]
has multiple receivers and transmitters integrated into one
module, however it needs additional voltage regulation stage
after rectifier to get stable output voltage. Similarly, paper [6]
requires clamping circuit against over voltage on each output
to stabilize the output voltage.
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Fig. 1. LCL-S compensated IPT system with multiple receivers and series

connected transmitters coils as APS for stacked PEBBs.

Unstable voltage output is caused by dependency among
receivers. In order to achieve intrinsic stable voltage output,
current source behavior is required on the transmitter side.
Since adding compensation network is a common way to
improve power transfer in IPT system [7], LCL compensation
as shown in Fig.1 which behaves as a constant current source,
provides benefits when supplying independent receivers. This
compensation topology removes the dependence of output
voltage from the load conditions and reduce the current stress
of the bridge semiconductors [8].

Prior research on LCL has focused on the application
with a single transmitter coil and optimization of compensa-
tion components [8]-[10]. However application of distributed
transmitter coils are not discussed and optimization of oper-
ating parameters such as input voltage, switching frequency,
converter topology, which can be chosen in a wide range, are
ignored.

In this paper, the characteristic of APS of PEBBs is dis-
cussed, and based on it, the systematic design approach of
the compensation network to achieve the optimization goal
is proposed. Furthermore, the possible ranges of operating
parameters are explored in order to determine their impact
on the system efficiency.
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TABLE I
PARAMETER SPECIFICATIONS

Design parameter Variable Range
Output power of each receiver P (W) 10-150
Operating frequency f (kHz) 50-500

Total input DC voltage Uin—pc (V) 400
Output DC voltage of each receiver | Uyyi—pc (V) 2446

Coupling factor k 0.02-0.25
Amount of transmitters N 5

II. TECHNICAL REQUIREMENTS SPECIFICATIONS

Typical medium voltage converter range is from lkVac to
36kVac. Considering high insulation requirements between
primary and secondary side coils, and low power levels
indicating small coils sizes relative to distance between them,
it is fair to assume that only low coupling factor k range can
be achieved. Many modular converter topologies would have
floating PEBBs and require relatively low amount of power to
supply to each PEBB, e.g. from 10W - 150W for sensors, gate
drivers, etc. This is a very broad range of specification, that is
hard to address with one unique solution. For those reason, this
paper considers, without loss of generality, 5 stacked cells and
24Vdc as average output voltage of each receiver. Considering
using 220Vac input and a PFC stage to supply DC voltage as
input source, 400V is chosen as input DC voltage. Since the
coils are not designed yet, the winding resistance is assumed
to be proportional to av/L, considering L being proportional
to number of turns squared, while a is additional scaling factor
used for design evaluations (taken as 20 in this paper). Ranges
of variables of interests are summarized in Tab. I.

Medium voltage converters may have redundant PEBBs, and
if those PEBBs are not operating, the corresponding receiver
is in no-load condition. In addition, loads in different PEBBs
could be different and IPT should be robust against various
conditions of loads.

In Fig.1, L, and L, are transmitter (primary side) and
receiver (secondary side) coil inductance respectively. Rp¢or =
NR, is total equivalent winding resistance of multiple trans-
mitter coils and R, is winding resistance on each receiver coil.
L, and C,,. are compensation components on the transmitter
side, and Cs. is the compensation capacitor on the receiver
side. The relations describing the system in Fig.1 are:

N

Vo = (Rptor + NjwLp)Ip = Y jwMI
i=1

Vsi = jWMIp - (Rs +jWLs)Isi

D

Where, ¢ € [1, N]. System (1) can be transferred into an
equivalent circuit including current controlled voltage sources,
as shown in Fig.2. The voltage imposed to the receivers side
is controlled by the current of transmitter side. The impedance
of the secondary reflected to the primary is Z, which will be
elaborated in Section III. If the current going through the series
connected transmitters could be kept constant, the different
receivers will not influence each others’ output voltage [11].

i, Lpe Rytor

in

Ry,

RLV

Fig. 2. Current source equivalent circuit of LCL-S circuit.

Since the receiver is implemented into PEBB, to achieve
simplicity on the receiver side, only basic series compensation
and parallel compensation are considered. With a constant
voltage input at the receiver side, a parallel compensation
network with an ideally compensated capacitor works as a
constant current source, while a series compensation network
works as a constant voltage source [12]. Therefore the series
connected compensation capacitor Cs. is deployed on the
receiver side.

III. DESIGN OPTIMIZATION

In this section, selected topology will be further referred
as LCL-S topology and the optimization design approach for
series connected transmitter coils is illustrated. The operating
range of interest is summarized in Tab. I. Following assump-
tions are made for simplicity: i) No loss on resonant tank and
semiconductor switches; ii) Voltage source is modeled as a
sinusoidal source (following first harmonic analysis principles
and neglecting other harmonics); iii) Equivalent load R; is
used to transfer the load from the DC side of half-bridge
rectifiers to the AC side [13]:

2
3 Uout—DC

R, =
772 Pout

2

A. Maximum Efficiency

Since the nominal required output power for each secondary
side is fixed, the maximum efficiency instead of maximum out-
put power becomes the optimization goal [14]. Link efficiency
Mink Which is defined as the ratio of the power that reaches
to the load to the total real power input to the link [7], is
calculated and given in (3).

®p and @, are the quality factors of primary side and

. . L
secondary sides respectively. @, = wR: and Qs = %
The « is the load factor defined as o = wRLl , and w,, is the

normalized frequency defined as w,, = w+/LsCl..
The optimal operational frequency for series compensated
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Yk Re[Zyi) Ry

k2w, 0QpQ3

Mink = MpNs =
: Zzlil Re[Zyi] + Rptor T + s

87’“"‘“ = 0. The optimal
"1

secondary is determined by solving
wy, is found to be 1, therefore wep: = T

T
The efficiency at optimal frequency can thus be calculated:
k*Qpa
(a +k2Q, + %) (a + Qi)

Based on the result of 4, with the same approach of
calculating the optimal frequency, the optimal load factor is

determined by solving 22it@n=1 _  For similar and high
coil quality factors ), and @), the optimal load factor is [13]:

VITRQQ.

Qopt—n = Qs (5)

=1) =

Miink (Wn (4)

The maximum link efficiency under optimal frequency w =
\/% and optimal load factor o = k is:

LSCSC
K QpQs
Mink—maz = (1+kQ +k2QpQ )(1+kQ ) (6)
s p&s s
B. Voltage Gain
Reflected impedance Z,; of the i*" receiver in Fig.2 is:
2M2
Zyi = = )

Ry + Rs + jwlLs + Jwﬁ

With the aforementioned ideally compensated network at
receiver side, the reflected impedance Z, becomes purely
resistive and total reflected resistance is:

N 2272
w M
thot = E Rli +Rs (8)
i=1

By modeling total primary coil inductance using one in-
ductor Lyt = NL,, equivalent circuit of series connected
transmitter coils is shown in Fig.3. The input impedance seen
from the source side is:

Z3(Zy + R)

Zin=21+ 77 (Zy + R) ©)
where, 7y, Z5 and Z3 are purely inductive: Z; = jX; =
Jwhpe, Zo = jXo = jwLlpior, Z3 = jX3 = ngpc and R =
thot + Rptot-

i : r%é%\ Lptot ip Lin : Z:1 Zy ip
l C Rptot !
Wy, 1 == _ Wy, | st R
! R por '
N N
Z Zyy, |

Fig. 3. Simplified equivalent circuit of series connected transmitters.

~ wiaQ, (F2Q,Q, +2) + FwiQ,Q, + wia?Q2 + wiQ? -

3)

The current going through the primary coil is calculated
with Z;,,:

I Uin Z3 _

P ZinZs+ (Zo+R)

Uin
(R+ Z2)(1 +

%) + 7
(10)
Based on the analysis in Section II, the primary current
going through each transmitter coil should remain constant,
i.e. I,, should be independent of R. Based on (10), the relation
between Z; and Z5 is determined:

1

Z3:_Z1:>Cpczﬁ
pc

(11
The output voltage on 7"
in (11) is derived as:

ky/L,L, Ry,
Vouti =V L b

" ch Rli + Rs

One should notice that output voltage is independent of the
load condition of other receivers. In (12), once the input DC
voltage is fixed, the primary side AC voltage V;,, depends on
the inverter topology and phase angle. Primary and secondary
coils as well as the primary compensation inductor will be
designed to achieve desired voltage gain.

receiver side with the assumption

12)

C. Input Impedance Angle

Substituting Z with 7X in (9), and taking Z3 = —Z; into
consideration:
2
Z, — XiR +j X3(X; — Xo) (13)
R?+ (X; — X)? R2 + (X1 — Xo)?
The input impedance angle is:
Im[Zm] X1 — Xg
tan(0) = = 14
) = RelZun] R (14

Desired input impedance can be achieved by adjusting Xo
and X;. Defining the ratio of X; and X, as:

Y = & — Lptot

X1 Lpe

x determines the input impedance angle. Under this relation,
the output voltage is:

15)

kxv/L Ry
Uin \ /Nprt R, + R,

A slightly inductive transmitter current is necessary for zero
votlage switching (ZVS) conditions on the primary power
stage, therefore y slightly smaller than 1 is usually desired.

_ tan(0) min
Xmaz = 1— — with minimum impedance angle
tan(0)min determined by input power stage semiconductor
parameters. In addition, by setting x = 1, purely resistive
impedance can be achieved.

Vout

(16)
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D. Design of the Compensation Network

The design flow of compensation network is summarized
based on discussion in previous sections and is shown in
Fig. 4. The secondary resonant components values are firstly
determined and then comes the primary resonant components.
The coil design is out of scope of this paper.

Sweep k, Q, f

Optimal o
&

Step 1
Optimal efficiency

Step 2 Lo (kX VLU, Ry ) ’
Voltage gain POLT R 0,0 IN(R, + RY)
Step 3

Input impedance angle

Step 4

Coil design [ Design evaluation l

Fig. 4. Simplified design flow.

IV. DEPENDENCE OF THE OPERATING PARAMETERS

In this section, the analysis has been done on the com-
ponent and link efficiency dependence of different operating
parameters including coupling factor k, switching frequency
f, equivalent coil resistance as well as primary side inverter
topology. In the following analysis, semiconductor losses are
not considered and winding resistance is assumed as 20v/L
without considering high frequency effects.

A. Influence of k, f, and U;,

According to the design approach presented in previous sec-
tion, the values of achievable coupling factor k, and selected
operating frequency f will influence the ideal components
value and the maximum efficiency.

With DC input voltage selected as 400V, both half-bridge
and full-bridge inverters could be used for primary power
stage, resulting in different V;, voltage. Assuming phase
shift is 7, the AC voltage amplitude are UFB = %UDC,
Ung = 2Upc.

The dependency of various components on inputs are plotted
in Fig. 5 - Fig. 8, considering output power of 100W at each
receiver and parameters in Tab. I. The frequency is swept
from 50 kHz to 500 kHz with the step of 22.5 kHz, the
coupling factor is ranged from 0.05 to 0.25 with step of
0.02 and both HB and FB input stage inverter topologies are
considered. According to Fig. 4, the values of coil inductance
and compensation components are calculated. Based on (6),
link efficiency is determined and plotted in Fig. 9.

600

vl
& 00 &\“"XL\

Fig. 5. Total coil inductance on the transmitter side as a function of k, f and
inverter topology under ideal compensation.

600
400

200\
W

Fig. 6. Coil inductance on the receiver side as a function of k, f and inverter
topology under ideal compensation.

600

Fig. 7. Compensation capacitor on the transmitter side as a function of k, f
and inverter topology under ideal compensation.

Fig. 8. Compensation capacitor on the receiver side as a function of k, f and
inverter topology under ideal compensation.
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Fig. 9. Link efficiency as a function of k, f and inverter topology under ideal
compensation.
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Fig. 10. Input voltage, coupling factor and frequency to achieve 90%
efficiency.

As shown in the figures, the coupling factor and frequency
will influence the design of both primary and secondary
network, and the inverter topology only influence the design
of the primary network. Higher frequency f would lead to
smaller component values and higher efficiency. It’s also
interesting to note that by using FB inverter smaller difference
between transmitter and receiver inductance is achieved. Since
U, would lead to bigger primary inductance value and thus
bigger mutual inductance value, as consequence, it leads to
higher link efficiency. Furthermore, k, f and U;,, should be as
high as possible to get higher efficiency. In order to achieve
certain efficiency, minimum k, f as well as ﬁ can be
calculated. As shown in Fig.10, each operating point on this
plot is identical to 90% link efficiency. In order to attain 90%
efficiency, if k is small, higher switching frequency and higher
input voltage needs to be implemented.

B. Analysis of Equivalent Coil Resistance

The link efficiency depends on the primary and secondary
coil quality factors and coupling factor. Equivalent coil re-
sistance R, and It, influence link efficiency by influencing
quality factors. In Fig.11, the relation of @, and @), to achieve
90% efficiency for the optimized compensation network is
shown. Once coil inductance is determined, minimum @,
and ()5 determine maximum R, and R, which could be the
guidance in coil design procedure. The design of coil is not
covered in the paper.

step=0.05

Fig. 11. Primary and secondary coil quality factors to achieve 90% efficiency.
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Fig. 12. From top to bottom: primary side input voltage before LCL network,
current through primary compensated inductor, voltage across all the 5 primary
coils and current through primary coils.

V. SIMULATION VERIFICATION

Simulation with PLECS is used to verify the results of the
proposed design approach. Based on specifications in Tab. I,
specifying switching frequency as 200 kHz, coupling factor
as 0.2, output power of each receiver as 100W and using FB
inverter at input stage and HB rectifier at output stage. Fig.
12 shows the voltage and current on primary side under full
load condition before and after LCL compensation network.

A controlled current source instead of a resistive load is
placed at each rectifier output to adjust the load condition. In
order to see the influence of load change on secondary and
primary side, this current source changes according to the test
scenario presented in Fig. 13:

At tp, all the load currents are set to 0, simulation starts
with primary working and all the secondaries are in no-load
condition.

At tq, all the load currents are set to rated currents.

At o, 5t" load current is doubled.

At t3, 4t" load current is halved.

At t4, 3" and 4" load currents are set to 0.
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At t5, primary DC link voltage drops to 0.9Up¢.

Fig. 13 shows the DC output voltage of 5 receivers. Fol-
lowing can be concluded: i) The output of each receiver only
depends on the load condition on its side and is independent
of load conditions of other receivers. In the scenario, even
though the 37¢-5'" loads change, the output voltage of the
1%t and 2" receivers remain constant. ii) Load change of one
receiver leads to a slight increase or decrease in this receiver’s
output voltage. During period t5-t5, the voltage of 5" receiver
decreases 10% as its load doubles. During period t3-t4 , the
voltage of 4" receiver increases 8% as its load is halved. iii)
The drop of primary input voltage causes same drop on the
output voltage. After ¢5, the output voltage of each receiver
drops 10% as the input voltage drops 10%.

Fig. 14 shows the envelope of AC voltage before rectifiers
and the envelope of AC currents through secondary side coils.
AC voltage and current vary in the same pattern with the
DC side voltage and current shown in 13. Therefore similar
analysis could be made for Fig. 14.

T Ist !
2nd

Vout-de [V]
NN W
a3

t[A
S

Tou
o

to t t2 t3 ta ts

time [ms]

(=]

Fig. 13. Output DC voltage (image on top) and load current (image on
bottom) of each receiver.
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Fig. 14. Envelopes of AC output voltage (image on top) and current (image
on bottom) of all 5 receivers before their rectifier stage.

VI. CONCLUSION

To face the major concerns of APS for PEBBs, the parame-
ter design approach of IPT system with series connected trans-
mitter coils is proposed. The approach considers both optimal
compensating components design and operating parameters
selection to realize independent receivers, high efficiency, low
reactive power simultaneously. By following the proposed
design approach, each receiver performs robust output voltage

characteristic against the load variation of other receivers.
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