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A Power Relay System With Multiple Loads
Using Asymmetrical Coil Design

Chenwen Cheng “, Zhe Zhou

Abstraci—In this article, we propose a power relay sys-
tem to power multiple loads wirelessly via magnetic cou-
pling. Multiple power relays are placed in a line and the
power can be transferred between these relays. Each power
relay consists of two relay coils, which function as the
receiver and transmitter, respectively. In order to suppress
the magnetic coupling between the two relay coils in the
same power relay, bipolar coils are adopted and placed
perpendicularly. A compensation capacitor is connected
in series with each transmitting coil, while another one is
connected in parallel with each receiving coil. It is derived
that the constant voltage characteristics can be obtained
for each load, which means the load power is decoupled
from each other. The two coils in the same power relay
have different inductance values, which form an asymmet-
rical structure to achieve equal load voltage distribution.
Moreover, zero phase angle can be obtained for the in-
put impedance. The proposed system is suitable to power
the gate drivers of series-connected insulated gate bipo-
lar transistors, where multiple isolated power supplies are
needed. An experimental prototype with six loads has been
constructed to validate the proposed system. The maxi-
mum efficiency can reach 94.0% at a power level of 12.6 W.

Index Terms—Asymmetrical coil structure, constant volt-
age (CV) output, multiple loads, power relay, wireless power
transfer (WPT).

[. INTRODUCTION

N HIGH-VOLTAGE applications, series-connected
I insulated gate bipolar transistors (IGBTs) are usually
used to control the power flow because the voltage rating of a
single IGBT is not large enough [1]. Isolated power supplies are
necessary for these IGBTSs because they have different reference
potentials. Moreover, a high insulation level is required for
these isolated power supplies to ensure safety.
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The high insulation transformer can be used to provide iso-
lated power supplies for driver circuits, which are usually bulky
and costly [2]. In [3], a self-supplied gate driver was designed
for the silicon-controlled rectifier, which obtained the power
directly from the power switch. Unfortunately, such a technol-
ogy cannot be applied in other applications [3]. The bootstrap
method provides another solution to power the driver circuit
for the high-side switch [4]. However, this method is limited
to the low-power application and not suitable for more IGBTSs
connected in series. In [5], the gate power was supplied from the
main circuit in the modular multilevel converter. However, this
method cannot provide a stable power supply for the gate driver
during a power outage. Thus, a method independent of the main
circuit need to be designed to provide multiple isolated power
supplies for the gate drivers of series-connected IGBTSs.

The wireless power transfer (WPT) technology provides an-
other solution to power the gate drivers [6]-[9]. Since no direct
contact is needed between the transmitter and the receiver, a
high insulation level can be achieved. An isolated gate drive
power supply for the medium-voltage converters was presented
in [6] and [7] using the WPT technology. However, the designed
system can only power one load. Another WPT system was
designed for the six gate drivers in a three-phase inverter in
[8] and [9]. In order to avoid the cross coupling between dif-
ferent receiving coils, these receiving coils should be placed
with enough space. In [10], the efficiency and electromagnetic
interference analysis of the WPT system for a high-voltage gate
driver application was analyzed. However, only one driver can be
powered. In order to power multiple gate drivers simultaneously,
a WPT system with one transmitting coil and one receiving coil
was designed in [11]. However, the insulation level between
these driver circuits is low because there is no galvanic isolation
between them. Another topology adopted multiple transmitter—
receiver pairs to power the gate drivers in [12]. The transmitters
are connected in series so that the working condition of each
load will affect each other.

In [13], a WPT system adopting many coils in a domino
form was applied to power multiple loads over a long distance.
However, the load power depends on each other, which increases
the power control complexity. In order to solve the power control
difficulty, a novel WPT system based on the multiple power
relays was designed in [14] and [15]. Each relay contains two
identical coils, which have the same inductance value and form
a symmetrical relay structure. With the CLC [14] or SPS [15]
compensation method, the constant current (CC) can be obtained
for each load. Thus, the load power variation will not affect
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Fig. 1. System topology of the multiload power relay system.

each other. However, usually, a constant voltage (CV) source
is required for the gate driver circuit. For example, a 15 V dc
voltage source is used to turn an IGBT ON and a —8 V dc voltage
source is used to turn it OFF. Thus, the WPT systems in [14] and
[15] cannot be directly applied to power the gate drivers. An
additional conversion circuit should be used to transform the
CC output to a CV, which increases the system complexity.
Based on the above discussion, a novel multiload WPT system
is proposed to power the gate drivers of series-connected IGBTs.
The main contributions of this article are shown as follows.

1) The proposed WPT system can power multiple loads
with CV outputs so that the load power will not affect
each other, which is especially suitable to power the gate
drivers of series-connected IGBTs.

2) The power relay that consists of two relay coils, i.e., the
transmitting coil and the receiving coil, is designed to
power the load. The two coils in the same power relay
have different inductances and an asymmetrical relay
structure is formed, which helps obtain equal load voltage
distribution among all the loads.

3) Only two capacitors are used for each power relay and no
compensation inductor is needed. Thus, the compensation
circuit is much simpler than those in [14] and [15].

An experimental setup with six loads has been designed to
validate the proposed system. The maximum system efficiency
can reach 94.0% at a power level of 12.6 W.

Il. SYSTEM DESCRIPTION
A. System Modeling

In the proposed wireless power relay system, the intermediate
relay coils are used to power N loads, as shown in Fig. 1. The
Power Relay #n (n = 1, 2,..., N — 1) that consists of two
relay coils transmits power not only to the local load connected
to it but also to the next relay. One of the two relay coils in
Relay #n, marked as L,, ., receives power from its previous
relay, while the other coil, marked as L, ;, transmits power
to the next relay. In Relay #0, only the transmitting coil Lg ,
exists, which is connected to the high-frequency ac source
Vo and transmits power to Relay #1. Relay #N only contains
the receiving coil Ly , and receives power from Relay #(NV
— 1). The compensation capacitor C), ; is connected in series
with L,, ; (n=0,1,2,..., N —1) and C,,_, is connected in
parallel with L,, , (n =1, 2,..., N) in each relay. The load is
connected across C,, , in Relay #1—#N. In practical applications,
a rectifier should be used to transform the received ac power
to a dc voltage source for the gate drivers. Considering that the

input voltage across the rectifier and the current flowing through
the rectifier are in phase, the rectifier together with the real
load can be modeled as a load resistor Ry, (n =1, 2,..., N)
[14]. Although there are multiple coils in the proposed system,
only the magnetic coupling between L,,_; ; and L,,_, needs to
be considered, as shown in Fig. 1, because of the coil structure
discussed in Section II-D. The coupling coefficient and the
corresponding mutual inductance between L,_1 ; and L, ,
are defined as k,, and M, respectively, which has the following
relationship:

kn = Mn / V Ln—l_t : Ln_'r‘ . (1)

B. CV Outputs

The circuit model of the proposed power relay system can
be obtained based on the T-model of the loosely coupled trans-
former, as shown in Fig. 2. I,, , and I,, ; are the currents flow-
ing through L,, , and L, , respectively, (n =0, 1, 2,..., N);
Vo,(n=1,2,..., N) is the load voltage across Rp,. The
positive direction of these currents and voltages is defined, as
shown in Fig. 2. r,, + and r,,_, are the parasitic resistances of the
corresponding coils.

In order to facilitate the analysis and the derivation of the
resonant conditions achieving CV outputs and the zero phase
angle (ZPA) of the input impedance, the mutual inductance M,,
can be regarded as the parallel connection of an inductor L,,,,
and a capacitor C,,;, which should meet the following condition:

where wq is the operating angular frequency. In this section,
the coils’ parasitic resistances are neglected initially to sim-
plify the analysis, whose influence on the system performance
will be analyzed in Section III. As can be seen from Figs. |
and 2, the proposed power relay system can be regarded as
multiple transmitter—receiver pairs connected in cascade. The
nth transmitter—receiver pair consisting of L,,_; ; and L,, , in
Fig. 2 is redrawn in Fig. 3.

In Fig. 3, the series connection of the compensation capacitor
C'-1_+ and theinductor (L,,_1 +— M,,) can be modeled as a new
capacitor C;,_; ;, which can be calculated as

Chy v =Cpa )l —wi(Ln-1t— M) - Cpig.  (3)

According to [16], a CC source can be obtained from the input
voltage source V,,_1, if C;L,U resonates with L, i.e.,

W(QJ =1/(Len - ;717t)~ 4
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Fig. 2. Circuit model of the proposed multiload power relay system.
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Fig. 3. Equivalent circuit model of the nth transmitter—receiver pair.

The equivalent CC source I, can be calculated as
Iwn = _anl/(jwoLwn)- (5)

Thevenin’s theorem can be used to further simplify Fig. 3.
First, the current source I, is regarded as open when calcu-
lating the internal impedance. It can be found that C,,, and
(Ly_» — M,) are connected in series. If C,,, resonates with

(Ly_» — M,), the internal impedance is zero, which means
Thevenin equivalent circuit is a voltage source [16], i.e.,
wg =1/[(Ln_r — Mp) - Cynl]. (6)
Based on (2), L,,, can be rewritten as
Mn Mn(Ln T Mn)
Lyn = = — . 7
1 + w%CmLMn Ln_r ( )

In order to calculate the open-circuit voltage, the output
should be disconnected from C,, , and Zr, and the output
voltage will be exactly that of the ideal voltage source. In
this case, the current I,,, will all flow through C,,,. Thus, the
open-circuit output voltage can be calculated as

Ia:n _ LnJ‘ - Mn LnJ‘

= = . V’I’L* = —
jw()cxn LG ! Mn

It can be seen from (8) that the constant load voltage V',
can be obtained if the input voltage V',,_ is constant. The load
voltage is inversely proportional to the mutual inductance M, .
The resonant conditions can be simplified further by submitting
(7) into (4) as

W(QJ : (Lﬂflj - MrQL/LnJ’) . Cnflit =1.

) anl . (8)

n

(€))

When the input voltage Vi of the proposed power relay
system is constant, it can be derived that all the load voltages
are constant regardless of the load resistance when neglecting
the parasitic resistances. Thus, the load power can be regulated
flexibly and independently, which greatly decreases the power
control design. Moreover, all the load voltages are identical, i.e.,
V=V, =-..- =V, when the following condition is met:

n=123,...,N. (10)

Ln_r = ny

C. ZPA of Input Impedance

In real applications, the ZPA of the input impedance is im-
portant to minimize the inverter’s volt-ampere rating. In Fig. 3,
the equivalent impedance of the subsequent circuit after Ry,
is defined as Z,, and the input impedance is defined as Z,, 1.
The parallel-connection circuit of Ry, and Z,, is assumed to be
Z1.n, which can be calculated as

Then, the input impedance Z,,_; can be calculated according
to Fig. 3 as

2272 .72 M2(1-w2L, +Ch )
CBM2Z 1+ sy Zn M2l Lor Cos

(ZLn - W(Q)Ln_rcn_rZLn)2 + (WOLn_r)2 '

It can be seen from (12) that when 7y, is resistive, which
means Z, is resistive, Z, 1 is also resistive if the following
condition is met:

Zp1 = 12)

W(Z) : Ln_'r‘ : Cn_r =1. (13)
In this case, Z,,_; can be simplified as
Zy1=M2 Z,/L? . (14)

Considering that Zyny = Ry in the Relay #N is resistive,
Zn,(n=0,1,2,..., N —1) can be derived based on (14) to
be resistive in each relay. Based on (9) and (13), the values of the
series- and parallel-compensated capacitors can be determined,
which not only obtain the constant load voltage for each load
but also ensure the ZPA of the total input impedance.

D. Coil Design

Although there are many coils in the proposed power relay
system, as shown in Fig. 1, only the magnetic coupling between
Ly_1 ¢ and L, , is desirable, while the coupling between any
other coils should be as small as possible in order to obtain the
CV outputs based on the above-mentioned analysis. To meet
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lFe

Fig. 4. Asymmetrical coil structure and dimension of the proposed
power relay system. (a) Coil structure. (b) Receiving coil. (c) Transmitting
coil.

this requirement, a feasible coil structure is designed, as shown
in Fig. 4(a). All the coils are bipolar, as shown in Fig. 4(b)
and (c). The two bipolar relay coils in Relay #n are placed
perpendicularly so that the magnetic coupling between them can
beneglected [14]. InRelay #n (n=1,2, ..., N — 1), aferrite plate
Fe,, is inserted between L,, . and L,, ;. In Relay #0 or #N, the
ferrite plate Fe or Fey is also placed besides Ly ; or Ly .. The
ferrite plate F'e,, can suppress the undesirable coupling between
the two coils in the same power relay and any other nonadjacent
coils. Moreover, the magnetic coupling k,, between L,,_; ; and
L,, , can be enhanced, which is beneficial for improving the
power transfer capability.

In order to verify the proposed coil structure, a design example
is given using Maxwell. The distance between two adjacent
relays is set as d = 30 mm, which is considered as the distance
between two IGBTs. Theoretically, this distance can withstand
a voltage as high as 90 kV, considering the breakdown voltage
of dry air is 3 kV/mm. The receiving coil, the transmitting
coil, and the ferrite plate are all squares with the identical
side length I, = I, = lp. = 150 mm. All receiving coils have
the same inductance value, so do the transmitting coils. The
mutual inductances and the corresponding coupling coefficients
between any two adjacent power relays are also identical because

TABLE |
SIMULATED COUPLING COEFFICIENTS

klrill klr]r klerr I klrfzr
0.0002 0.00004 0.0059 0.4801 0.00005
the distance between them is the same, i.e.,
LlJ‘ - L2J‘ == LNf’I‘:LTW
Liy=Loy=--=Ly,=L, (15)
My=My=--=My=M,
ki=ko=---=kny=k. (16)

The identical load voltage for each load is desirable in this
design example because the gate drivers are the same so that
the identical driving voltage is needed. Thus, the condition in
(10) should be met, which means L, = M. Thus, the coupling
coefficient in (1) can be rewritten as

k=M/\/L, Li=+\/L./L; < 1.

7)

Considering that the coupling coefficient k is usually smaller
than 1, the inductance of the receiving coil L,. should be smaller
than that of the transmitting coil L, i.e., L, < L;. It means an
asymmetrical relay structure is needed in the proposed system to
obtain equal load voltage distribution. Thus, the coil width of the
receiving coil [, , = 8 mm is designed to be smaller than that
of the transmitting coil /,, + = 16 mm, as shown in Fig. 4(b) and
(c). In order to reduce the calculation burden of the computer,
only two adjacent relays are simulated because all the power
relays have the same structure and dimension. Taking Relays #1
and #2 for example, the coupling coefficients between L; ,- and
Ll_t, Ll_r and LQ_T-, Ll_r and Lg_t, Ll_t and LQ_T, and Ll_t
and Lo ; are defined as ki, 14, k1r 2r, K1r 2t, k2, and kiz os,
respectively, which has been listed in Table I.

It can be seen from Table I that k1, 14, k17 27, K17 2¢, and
k1t o¢ are very small compared with ko so that they can be
neglected. Thus, the designed coil structure is suitable for the
proposed multiload power relay system.

[ll. POWER TRANSFER CAPABILITY

In a practical application, the coils’ parasitic resistances are
inevitable, the influence of which on the system performance
will be analyzed in this section. Assuming that the quality factors
of coils L, , and L, ; are @), » and Q) ¢, respectively, the
parasitic resistances r,_, and r,, ; can be calculated as

Tn_r = WOLn_r/Qn_ra Tn_t = WOLn_t/Qn_t' (18)

According to the coil structure in Section II-D, the quality
factors of all the receiving coils or the transmitting coils are
identical, i.e.,

{QI_T :QQ_TZ"':QN_TZQT
Qot=Qat==Qn-1+=Q4

19)
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Fig. 5. Reflection impedances in Relay #n.

A. Reflection Impedance

In order to facilitate the system analysis when considering
the coils’ parasitic resistances, the concept of the reflection
impedance is used here. The reflection impedance in each coil
is defined as the equivalent impedance of the whole circuits
following the specific coil, which can be used to model these
circuits. Fig. 5 illustrates the reflection impedances Z,, , and
Zp yincoils L, ,and L, ; of Relay#n (n=1,2,..., N — 1),
which can be calculated as

Zn_t = (WOMn—i-l)Q/(Tn—i-l_r + Zn+1_r)

(WOLnfr)Q

jwo M727
141
Rpn <Ln+11 FTn_t+Zn_t

Z n_r — (20)

jwoMfH_l

Rrnt Lntir

+rn_t+Zn_t

For Relay #N, only Z . exists because there is no transmit-
ting coil, which can be calculated as

Zn v = (woLln +)?/(Rn — jwoLn ).

The reflection impedance Zj ; in coil L ; can also be
calculated using (20). Then, the input impedance Z;, of the
whole system from the view of the inverter can be calculated
as Zi, = ro_+ + Zo_¢- Fig. 6 shows the phase angle variation of
Z;, against the increasing load power in one relay, where k =
0.49, 0 =200, Qs = 150, and N = 6, which has been normalized
by dividing its base value P,, which can be calculated as

2y

Vo =Vo, Ry=woM, P,=V]/Ry. (22)

All the load resistances are identical here, i.e.,

Riin=Rio=--=Rry=Ryp. (23)

It should be pointed out that the proposed power relay system
can still work with different loads. The condition in (23) is not
necessary, which is used just to facilitate the analysis. Moreover,
nearly equal power distribution can be achieved if the load
voltages do not vary too much.

The load power in Relay #nr can be calculated as Pr,, =
V.2 /Rr,,,. The load voltage V;, is assumed to drop slightly, which
is basically equal to Vj, and can be verified from Fig. 7. Then,
the normalized load power can be approximated as

PLn_norm = PLn/Pb ~ Rb/RL~ (24)

So, the x-axis in Fig. 6 is Ry,/Ry,, which is a pure number
(per unit value) and approximately the normalized load power.
It can be seen from Fig. 6 that the phase angle of Z;, is less

(=)

S = N W ks N J 0 O
T
L

0 0.05 0.1 0.15 02
Normalized load power R,/R;

0.25 0.3

Input impedance angle /degree

Fig. 6.  Phase angle of the input impedance Z,, (k= 0.49, Q = 200,
Qs =150, and N = 6).

N - ; '
Sl ——
o 09
Zosst % 1
= L — "
= osf =)
= U — V;
g o7 —7
2 0.65 — Vs
Nooef — Vs
:Ej 0.55[
g 05 0.05 0.1 015 02 025 0.
Z Normalized load power Ry/R;,

Fig. 7. Load voltage variations against the increasing load power

(k= 0.49, Q; = 200, Q, = 150, and N = 6).

than 3°, which is very small. Thus, Z;,, is basically resistive, and
the coils’ parasitic resistances introduce only a small amount of
reactive power in the system. According to the efficiency curve
in the experimental part, the optimum normalized load power
is within [0.1, 0.3] to ensure high efficiency and good constant
load voltage characteristics.

B. Load Voltage

Based on the reflection impedances, as shown in (20), the
load voltages can be calculated when considering the parasitic
resistances. InRelay #n (n=1,2,..., N-1),I, ,,V,,and
I,, ; can be calculated according to Fig. 5 as

In;r = _jWOMnInflft/(TnJ" + ZnJ")
Vn = ijMnInflj + InJ‘ ' (Tnj’ + jWOLn;r)

Inft — VLn/[l/(ijan) + ijLnJ + Tn_t + ant]
(25)
V' n » and V y in Relay #N can also be calculated based on
(25). In Relay #0, I ¢ in transmitting coil Lg ¢ is

Iy =Vo/Zy. (26)

Then, the load voltages can be calculated iteratively using (25)
and (26) beginning with Relay #0. The load voltage variations
against the increasing load power are shown in Fig. 7, where
the load voltages and power are normalized by dividing their
base values in (22). It can be seen from Fig. 7 that when
the load power increases, the load voltages decrease gradually
because some power is consumed by the parasitic resistance. In
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(b)

Variations of the last load voltage Vs with (a) different coupling coefficients k and quality factors Q. of the transmitting coil (Q, = 200, N =

6, and R, /Ry, = 0.25) and (b) different coupling coefficients k and quality factors Q- of the receiving coil (Q; = 200, N= 6, and R,/Ry = 0.25).

an ideal system where the parasitic resistance is zero, the load
voltage will be constant regardless of the load. The last load
voltage V' v decreases the most. Thus, V' can be regarded as
a criterion for evaluating the CV characteristics of the proposed
system.

Fig. 8(a) shows the variation of Vi against coupling coef-
ficients k with different quality factors ; of the transmitting
coil, where @, = 200, N = 6, and Ry,/R;, = 0.25. The quality
factor is changed by varying the parasitic resistance. A smaller
drop of Vg is obtained with a larger k or Q;, as can be seen
from Fig. 8(a), which means a better CV characteristic can be
achieved. Similar conclusions can be obtained for the quality
factor @, of the receiving coil from Fig. 8(b).

[V. EXPERIMENTAL VALIDATION

An experimental setup of the proposed power relay system
with six loads has been constructed, as shown in Fig. 9. All the
coils are made of the Litz wire to decrease the power loss. PC95
is used as the ferrite material. The film capacitor from KEMET
is used to compensate the circuit, which is placed next to the
power relay. The dimensions of both the coils and the ferrite
plates are the same as in the simulation model in Section II-D. An
H-bridge inverter made up of four silicon carbide metal-oxide—
semiconductor field-effect transistors (MOSFETsS) is adopted to
generate a high-frequency ac power source to power the whole
system. Considering that the optimal operating frequency of
PC95 is from 100 to 300 kHz and the maximum withstand volt-
age of the compensation capacitor drops dramatically when the
frequency exceeds 100 kHz, the operating frequency of the in-
verter is chosen as 200 kHz. Moreover, if the operating frequency
is too high, the system can be easily detuned because of the in-
ductance or capacitance variation during operation. The switch-
ing loss will also increase at the higher switching frequency.

The detailed system parameters are listed in Table II. The
inductance, capacitance, and quality factor are measured using
the LCR meter E4980AL from Keysight Technologies. During
the experiment, the self-inductance L,, , and L,, ; in Relay #n
are measured first. Then, the compensation capacitances C,,
and C, ¢ can be calculated based on (9) and (13). Thus, the
compensation capacitance is adjusted based on the real measured
inductance value so that each power relay can be adjusted to
reach good resonant condition, although there exist parameter
differences among different relays.

l’-

17 Load resistor

J

Fig. 9. Experimental setup with six loads. (a) Experimental platform.
(b) Receiving coil L,, .. (c) Transmitting coil L,, .
TABLE Il
PARAMETERS OF THE EXPERIMENTAL SYSTEM
Parameter Value Parameter Value
Ve 25V 1 200 kHz
Lo ~Ls , 120 pH Li ~L , 29.5 uH
Co ~Cs 7.00 nF Cy ~Cs » 21.47 nF
k 0.49 M 29.2 uH
0 200 0, 150

Fig. 10 shows the load voltage waveforms. The inverter’s
output voltage V) is almost in phase with Iy ; that flows through
Lo +. It means that little reactive power exists, which helps
decrease the power rating of the inverter. Moreover, I ; lags
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i B NI W BSOS A Fig. 11. Total load power variations against the increasing load
resistance.
Fig. 10.  Experimental load voltage waveforms.
TABLE Il 2] ' ‘ ' ‘ '
D
vi | 238 233 229 228 225 224 222 Z20r i
o0
R o 705.2 3519 2365 171.8 1472  116.6 %
>
v | 238 233 229 226 223 223 217 2 —Vica =Veca = Vscw =Veea = Vsca = Vocu
3BT © View © Vaey © View © View © Vsey © Veey il
R | o 6973 3591 2437 1717 1473 1168 - er T rew D e T hew e e
V3 23.8 232 22.7 22.4 22.1 21.9 21.2
Ry o 701.1 3498 234 1713 1473 1164 15 0.05 01 015 02 025 03
Normalized load power Ry/R;
Vs 23.8 232 22.5 222 21.7 21.5 20.9
R4 0 6942 3477 2321 1717 147.3 1158 Fig. 12.  Experimental load voltage variation against increasing load
ower.
Vs 23.7 23.1 22.4 22.1 21.7 213 20.6 P
Ris o 696.5 355 2392 1716 1474 1169 |
Ve | 236 229 223 219 213 21 204 = 09 2 2 a
g
Ry o0 699.8 353.7  238.7 172.2 147.4 116.5 T 08 1
g ot The maximum efficiency: 94.0% | — Eff cal |
P, 0.79 5.25 9.39 13.42 18.01 20.81 25.29 - o Eff exp
206 Y-
P, 0 4.61 8.70 12.61 16.82 19.25 23.09 % o5k
Eff 0.878 0926 0940 0934 0925 0913 é 0.4H g
(o]
0.3 g
2 o.
a little behind V. Thus, zero-voltage switching is achieved for 201 i
the MOSFETsS and the switching loss can be greatly decreased. 0 s o o & o5 o
The load voltages V; and Vi are also given in Fig. 10 that are ' Normalized load power Ry/R, '
almost in phase and have the same amplitude, which is consistent
with the analysis in Section II. Fig. 13. Variation of the system efficiency against increasing load
power.

Table III lists the experimental data including the load powers,
load resistance, and load voltages in each load as well as the
system efficiency at different power levels. Fig. 11 shows the
total load power variations with regard to the increasing load
resistance using the experimental data in Table III. It can be
seen that the load power is reversely proportional to the load
resistance.

The load voltage variation versus the increasing load power
is shown in Fig. 12. The load power is altered by changing the
load resistance. The solid line represents the calculated load
voltages and the dot points represent the measured values in the
experiment. The measured values match the calculated ones well
with the error within 5%.

Fig. 13 shows the system efficiency variation versus the
increasing load power where the solid line is the calculated

efficiency. The dotted points are the measured values. The
maximum efficiency can reach 94.0% at a total output power
of 12.6 W, which is very high considering that there are total
six loads in the system. The system efficiency is still as high
as 91.3% when the load power is 23.1 W (the normalized load
power is 0.3).

Fig. 14 shows the load voltage variation with different loads.
The red circles represent the six load voltages where Ry, /Ry =
0, Ry/R2 = 0.05, Ry/R3 = 0.10, Ry/Ry = 0.15, Ry/R5 =
0.20, and R;/Rs = 0.25, while the blue crosses represent the
load voltages where R, /Ry = 0.25, Ry /R = 0.20, Ry/R3 =
0.15, Ry/R4 = 0.10, Ry/R5 = 0.05, and R,/Rs = 0. It can
be seen that the load voltages do not vary too much even
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Fig. 14.  Load voltage variations with different loads.

with different loads. Thus, the proposed power relay system
works well in different load conditions and nearly constant load
voltages can be obtained.

V. CONCLUSION

In this article, a novel power relay system with multiple loads
had been proposed using bipolar relay coils. An asymmetrical
power relay structure was designed to obtain equal load voltage
distribution, which contained two relay coils of different induc-
tances and a ferrite plate. One relay coil received power from its
previous power relay and the other one transmitted power to its
next power relay. The two relay coils in the same power relay
were placed perpendicularly to realize the magnetic decoupling
between them. The CV characteristics could be obtained for all
the loads with a simple compensation circuit. The influence of
the parasitic resistances on the system performance was ana-
lyzed, which showed that a larger coupling coefficient between
the two adjacent power relays or a larger quality factor of the
relay coil leads to a better CV characteristic. The proposed power
relay system can be used to power the multiple gate drivers of
series-connected IGBTs where multiple isolated power supplies
were needed. An experimental prototype with six loads was
designed to validate the proposed power relay system. The
system can achieve a maximum efficiency of 94.0% at a power
level of 12.6 W.
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