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Small-Signal Modeling and Decoupling Control
Method of Modular WPT Systems

Chen Zhu

Abstract—Modularization is an effective way to realize high-
power wireless power transfer (WPT). A modular WPT system
can be adaptive to multiple power levels by simply modifying the
number of its modules. However, the cross couplings among differ-
ent modules form complicated power transfer paths in the system
and, consequently, the output of one module will be affected by the
inputs of the other modules, and thereby it is difficult to achieve
stable output regulation for each module by using the conventional
negative-feedback control method. In this article, a decoupling
control method is proposed to compensate for the adverse effect
of the cross couplings among the modules, and, thereby, individual
output control for each module can be realized. The small-signal
model of the modular WPT system is derived to analyze the stability
of the proposed decoupling control method. A 7-kW two-module
WPT prototype is built for experimental verification.

Index Terms—Decoupling control, modular wireless power
transfer (WPT), small-signal model.

1. INTRODUCTION

IRELESS power transfer (WPT) can be used for charg-
W ing industrial equipment, cellphones, electric vehicles
(EVs), etc. [1], [2], [3]. Demand for developing fast wireless
charging facilities as well as charging heavy-duty EVs encour-
ages investigation of high power WPT. Efforts have been devoted
to high-power stationary WPT with a power level up to 120 kW
[4], [5], [6].

As the power level further increases, water-cooling systems
become necessary for the windings due to concentrated power
losses. Moreover, Litz wire with a large number of strands or
parallel wires must be used to carry the large winding currents,
which might lead to a lower quality factor of the windings
and eventually a lower efficiency [7]. One of the promising
solutions for high-power WPT is modularization. Modular WPT
not only can address the above-mentioned issues but also has the
advantages of scalable power level, minimal developing cost,
module fault tolerance, etc. For example, the potential of using
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multiple modules to significantly attenuate the stray magnetic
fields of a high-power WPT system is investigated in [8].

A modular WPT system contains multiple power transfer
channels, each of which consists of a pair of transmitting and
receiving coils [9]. This is the same as a polyphase WPT system
[10], [11], [12], [13], [14], [15], [16]. The major difference
between the modular system and the polyphase system is that
the modular system can easily increase the number of mod-
ules and thus increase the power rating of the whole system.
But the polyphase system is like a polyphase machine whose
windings are designed as a whole and thereby the freedom of
easily changing phases number is lost. Nevertheless, the modular
WPT system has a similar issue as polyphase WPT systems,
which is known as interphase cross coupling. Cross couplings
in the context of this article are the couplings between two
windings from two different modules, e.g., the coupling between
two transmitting windings, the coupling between two receiving
windings, or the coupling between the transmitting winding of
one module and the receiving winding of a different module.

The cross couplings will result in unbalanced power among
different modules [9], [17], [18], [19]. Thus, they cause degrada-
tion in the power transfer capability and efficiency of a modular
WPT system. The following methods have been proposed to
eliminate the effect of cross couplings.

1) The cross couplings of the windings at the same side
(i.e., either the primary side or the secondary side) can be
largely reduced by using the partially-overlapping struc-
ture as in a bipolar pad [20]. Similar structures are adopted
in [21], [22], and [23]. However, overlapping structures
are undesired in a modular WPT system with individual
modules.

2) In [24] and [25] magnetic decoupled bipolar and unipolar
coils overlapping each other are used to provide two-
channel WPT. However, this structure is also not appli-
cable to a modular WPT system.

3) In [26], a common impedance branch is added between
two secondary-side resonator loops to cancel out the cross-
coupling effect. However, two different loads are used in
the system [26] to avoid a coupling caused by the same
load.

4) In[27]and [28], the compensating capacitances are altered
to cancel out the impedance due to the same-side cross
couplings. The method is effective when the currents of
the resonators have constant amplitude ratios and constant
phase differences. However, this condition is normally not
guaranteed in a modular WPT system.
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DQ decoupling control, based on the rotating coordinate
transformation, has been widely adopted to realize the separate
control of active and reactive currents in three-phase systems
[29], [30]. Expanding the idea of counteracting the effect of
coupled terms, a decoupling control for modular WPT systems
is proposed in this article. The proposed decoupling control
introduces an extra modification to the input voltage of each
module which can cancel out the effect caused by the cross
couplings. Thus, individual output control for each module is
realized. The small-signal model of the modular WPT system
is derived to analyze the stability of the proposed decoupling
control method. Then, the performance of the proposed decou-
pling control is compared with the individual negative-feedback
control through both simulation and experiments.

The rest of this article is organized as follows. In Section II,
the small-signal model of the modular WPT system is derived.
In Section III, the decoupling control method is proposed and
its stability is analyzed based on the small-signal model. In
Section IV, simulation verifications are provided. In Section V
experimental results are given to verify the theoretical and
simulation analyses. Finally, concluding remarks are provided
in Section VI.

II. SMALL-SIGNAL MODELING

A modular WPT system has multiple identical WPT modules.
Each WPT module consists of one primary resonator, one sec-
ondary resonator, one primary-side power converter supplying
the primary resonator, and one secondary-side converter recti-
fying the ac input from the secondary resonator to the dc output.
The outputs of all WPT modules are connected in parallel to
supply a load such as a battery. The schematic of a modular
WPT system is shown in Fig. 1.

Following the generalized state-space averaging (GSSA)
method described in [31] and [32], the GSSA model of a modular
WPT system is given as follows:

First, the time-domain linear equations of Module j (j = 1, 2,
..., n) can be expressed as

ducTi(t .
CT]-%() = ir;(t)
ducpi(t
Crj dt]( ) ir;(t)
dip;(t) L digy(t) " dir(t)
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Fig. 1. n-module WPT system. (a) Schematic of the windings. (b) Circuit
topology (cross mutual inductances not shown).

where subscript 7 and R denote the primary side and secondary
side, respectively, Lr; and Ly, are the self-inductances, and C 7
and Cpj; are the compensating capacitances of the transmitter
and the receiver of Module j, respectively, L,; and C,; are the
inductance and capacitance of the output filter, respectively,
Mys (y =TL,RI,..., Tn, Rn and § = T1, R1,..., Tn, Rn) is
the mutual inductance between Resonator S and Resonator +,
u;(t) is the inverter output voltage, u,,(?) is the rectifier input
voltage, uc,;(t) is the output filter capacitor voltage, ir,;(f) is
the rectifier output current, i,;(f) is the battery charging current,
i7j(t) and ig;(¢) are the winding currents, ucr;(t) and ucg,(f)
are the compensating capacitor voltages of the transmitter and
the receiver, respectively, and U, is the battery voltage.

For simplicity, the small-signal model of a two-module WPT
system will be derived, which can be easily extended to an n-
module system. Based on (1), the GSSA model of Module 1
in a two-module WPT system is derived as given in (2). In (2),
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(x), and (z), are 1st Fourier coefficients for the Fourier series
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The extended describing function (EDF) method is normally
used to deal with the nonlinear characteristics of the converters

[33], [34]. Following the EDF method, the fundamental compo-
nent of the input voltage of Module 1 u;(7) is given by

4 . ai . Fig. 3. Small-signal model of the two-module WPT system.
ui(t) = ;Uin sin (7) sin (wt + 604) 3)

where o is the phase shift angle of the inverter legs of Module

1, and 0, the phase angle of the fundamental component of where sgn represents the sign function and igq(f) can be ex-
the inverter output voltage of Module 1, which can be set to pressed as

0 as a phase reference. Using g1 and fgo; to represent the

phase of the switching signal of S1; and S, in Fig. 1(b), the ir1(t) = (ir1),sinwt + (ir1), coswt
switching sequence chart of the two-module WPT system can (imn) lir1
be determined, as shown in Fig. 2. = (ir1), 7 sinwt + (ir1), 75— - coswt
Then, (3) can be rewritten as (ir1) P <ZR1>P
(u1), = 2Ujsin (%) cos 6y = (iR1), sin(wt + f) ©)
4 e 4)
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The nonlinear terms of the rectifier, including ir;(¢) and ] 5 2
u,1(t), are given by <ZR1>p =1/ (ir1); + (ir1),

{iLl(t) = lira( 1

t (ir1).
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Fig. 4. Small-signal model of the two-module WPT system. (a) Before mod-

ifying the phase shift angle. (b) After modifying the phase shift angle.
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Here, only the fundamental frequency is considered. There-
fore

cos 8 =

iral) = (in),
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where
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According to (6) and (7), (5) can be rewritten as

i1 = %<|iR1|>
Upr (t) = %%ucfﬂ (t) sinwt—i—%%ucﬂ (t) cos wt.
®)

The large signal model of Module 1 in the two-module WPT
system is then given by (2), (4), and (8).

The state-space equation of the two-module system is given
by

{:fc = Axz + Bu ©)

y=Cx

where x is the state variable vector containing the sine and cosine
coefficients of currents and voltages, which is given by

& ={(iT1), (IT1) s (IR1) 55 (IR1) s (UCT1) 55 (UCT1) s (UCRI)
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where u and y are the input and output vectors, respectively,
given by

u = {aq,01,a2,0s}
Yy = {i017i02} .

A, B, and C are matrixes that can be obtained from the
following equation:
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By adding a perturbation to a steady-state operating point,
the small-signal model of the two-module WPT system can be
derived as (10), where A1, Ao, and O, O, are the steady-state
values of a1, ag, and 601, 02, respectively. The transfer function
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matrix can be expressed as

(9
@] [Gm ) Guun) Guner G
i0209)] [Cizen® Cier® Gipen® Ginon©)] 8209
02(s)
(11)
where
Gi(’lal(s) Giolal (S) Giolaz (S) Gi0192 (S) _ -1
[Giozal(s) Gi0,® Gian® G, (S)] =CisI-A) B.

According to (11), the block diagram of the small-signal
model of the two-module WPT system is given in Fig. 3.

It is obvious that the output currents are determined by all
the input terms of the two modules. To realize individual output
control, the interactions between two modules should be coun-
teracted.

III. DECOUPLING CONTROL METHOD
A. Decoupling Control By Altering Input Voltages

In the rest of this article, the phase angles of the input voltages
are assumed given and unchanged to simply the control scheme
of the system. Therefore, only the phase shift angles of the
inverters are the control variables.

According to (11), adjusting the phase shift angle of one
module will also affect the output current of the other module.
One solution is to alter the phase shift angle of each module in
a way that the influence of the other module can be eliminated.
More specifically, the phase shift angle of each module can
be divided into two components, one is called the decoupled
phase shift angle (denoted as &, i = 1, 2) corresponding to the
output control of each module regardless of the interactions and
it can be calculated in real-time with a conventional negative-
feedback controller; the other component cancels out the effect
of all interactions on the output in real-time. The concept is
illustrated in Fig. 4, where the blue blocks are the interactions
between two modules due to the cross couplings. To cancel out
these interactions, the red blocks representing the decoupling
components are added in Fig. 4(b).

Based on Fig. 4, the actual phase shift angles which are applied
to the inverters are modified as

R et CIE
ials) =3 - GEa)  a3)

where & (s) and & () are the decoupled phase shift angles. The
latter terms in (12) and (13) exactly cancel out the interactions
between the two modules. Because &7 (s) and &5 (s) are expected
to be calculated by the controller (e.g., PI), the actual phase shift
angles of the inverters, i.e., &1 (s) and & (s), should be expressed
as functions of &} (s) and &3 (s). By solving (12) and (13), &1 (s)
and G (s) are given by

~ A g Giol“Q S) ~Ax

da(s) = G(s) (ai(s) - G2 as(s))

A o Gty (14
da(s) = G(s) (3(s) ~ Gnai(s))
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TABLE I
PARAMETERS OF THE STEADY-STATE OPERATING POINT

Parameters Values
Iz IL1A
Lz 32A
gy S2A
ke 120 A

Ucirs 356V
Ucize 2249V
Ucirs 2297V
Ucize 171V
Ucol 330 V
I, 118 A
bLrs 11T A
bLre 32A
Dogs 52A
Dpe 120 A
Ucors -356 ' V
Ucre 2249V
Ucors 2297V
Ucare -1144 V
Ucol 330V
I 11.8 A
where G(s) is given by
G(S) _ Gio1 aq (S)Giwaz (S)
Giolal (S)Gioza2 (S) - Gio10t2 (S)Giozal (8)

By substituting (14) into (11), the output currents now become

i01(5) = G(5) (Gipran (5) = Tz 0% ) g s)
(5).

~ Gi105(8)Ginaq(s ~
i02(5) = G(5) (Gipuaa(s) — Corig Iz ()
(15)

Thereby, the output of each module can be individually ad-
justed according to (15) after adding the decoupling terms.

To simplify the calculations, G(s) in (15) can be eliminated
by changing the actual input phase shift angles to

N *

A~ A % Gi" o218 4%

a(s) = 4i(s) — Gt as(s) (16)
R [ Gio oy (8) ~x

Go(s) = as(s) — mal(s

Under the condition of (16), the output currents become

o1 () = (Gugen () = Fgl0%emea) i (s)

Giggasy(s)

’ a7
. G, Las (S Gio‘ aq (s
i02(s) = (Givz‘” (s) = %) “

S).

>
N *
—

According to (17), the output current of each module is only
dependent on the corresponding decoupled input phase shift
angle, as shown in Fig. 5.

Similarly, the decoupling method can be extended to an n-
module system described with (18) and the input phase shift
angles of the n-module WPT system are modified to (19) for
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TABLE II
PARAMTERS OF THE WINDINGS

Parameters Values
Coil outer diameter 350 mm
Coil inner diameter 90 mm
Litz line parameter 0.1x900
Turns of transmitting coil 30
Turns of receiving coil 30
Spacing @coil and core 3 mm
Core size 370 mmx370 mmx5 mm
Spacing @core and 15 mm
shielding layer
Shielding layer size 350 mmx350 mmx 1 mm
Air gap 22.5cm
TABLE III

PARAMETERS OF THE TWO-MODULE WPT SYSTEM AT THE ALIGNED POSITION

Parameters Values
Ric 0.189 Q
Ly > Lag 369.9 uH
Mirir 49.5 uH
MITZT -292 LlH
MITZR -11.8 HH
MIRZT -1 19 LlH
Miror -29.1 uH
Mgz—gR 49.5 ]J.H
Coi 400 pF
Lo 100 nH
01 0°
6, 180°
K, 0.001
K; 10
TABLE IV
PARAMETERS OF THE THREE-MODULE WPT SYSTEM AT THE ALIGNED
POSITION
Parameters Values Parameters Values
Ric 0.205 Q Lsr > Lag 371.7 uH
Mirir, > Msrsr 48.8 uH Moo 52.6 uH
Migor > Morsr -9.3 uH Mirr > Marsr -26.1 uH
Miror > Mogsr -26.0 pH Mirr ~ Morsg -9.2 uH
Mizsr ~ Migse -10.7 uH Mizsr > Migsr -9.1 uH
0, 0° 6, 135°
0; 0° K, 0.0001
K 10
TABLE V
PARAMETERS OF THE FOUR-MODULE WPT SYSTEM AT THE ALIGNED
POSITION
Parameters Values Parameters Values
Ric 0.232Q Lsr > L 375.3 uH
Mg 54.5 uH Mogsy > Mogag -21.5 uH
Mirsr > Migsr -10.2 pH Morar > Morar -10.1 pH
Mirr ~ Mirer -6.7 uH Migor > Mg -6.7 uH
Miri > Mirer -6.7 uH Morsg > Mogsr -6.6 uH
Mizse ~ Morsr -8.3 uH Mirsr > Morar -8.3 uH
6, 0° 6, 180°
73 180° Oy 0°
K, 0.00001 Ki 10
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Fig. 5. Decoupled model of the two-module WPT system.

decoupling control.

iol
%O’I’L
Gioloél(s) Giol‘%(s) Giulan(s) Giolen(s)
Gignar(8) Giyno.(8) Gignan(s) Giyno,(8)
aq
1
< as)
ap
On
Ak Gi1ay(8) A Gian(8) o
& (s) = 6i(s) — Gez2Ban(s) - - - Gueaan (s
Gigya (8) Gignan 1 (8)

.. ‘_7Gi0Nan(5) O[nfl(S).
(19)

B. Implementation of Decoupling Control of Two-Module
WPT System

According to (16) and Fig. 3, the decoupling control block
diagram is given in Fig. 6. In the control block diagram, the
output current of each module, i.e., %oi (s)(i=1,2), is compared
with the reference value %mf,m-(s). The error is then used to
calculate the decoupled phase shift angle &;(s) with a con-
ventional PI block. A delay e”7* might be introduced, e.g., by
wireless communication. Then the decoupled phase shift angles
are utilized to calculate the actual input phase shift angles of
the inverters. The actual input phase shift angles are calculated
according to (16) of Section III-A.

The RMS value of the fundamental component of the inverter
output voltage is [35]

4 .
Ui = *Ui sin (al(t))
m 2

where U, is the amplitude of the inverter output voltage, Uiy, is
the dc input voltage, and «;() is the phase shift angle of two
inverter legs.

Therefore, once the actual phase shift angles are determined
via (16), the amplitudes of the input voltages can be derived with
(20). On the other hand, the phase difference between u; (f) and
us(1), i.e., 02(f)—01(r), determines the switching timing of the

(20)
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TABLE VI
SIMULATION RESULTS
two-module system three-module system four-module system
Output currents waveform Output currents V}/avef(inlnA Output currents waveform
1¢ o —11. .
4 iy [PA——— (’oAl) I, =185A
iy 6 1,; =7.8A = Lo =11A
Conventional (l;i) ) d (A) 1{7]/‘(»/ 11A '
individual R Lires=11A . i lore=11A 1§ 11pr=6.6A
negative- ) . : (A 1,=0A ! 1, =0A
feedback M (IGAZ) \rloz =43A ¢ I,=43A
a lzirgirozl are o 5 Lyvy=UA i Ly=6.6A iK [ ;=18 5A
o o 20 = : = 3ref=
average I 15 IHZ 2% i Iﬂz 2 ; mlgg:nm ( ) fos N Ha
values) (ANSTTETIA | Tou6.6A @ B i | Ly =11A
0 : Loarg =114 (A) L4 =0A
00 02 04 06 08 10 0 04 06 08 10 0 02 04 06 08 10
Time (s) Time (s) Time (s)
Output currents waveform Output currents waveform Output currents waveform
| Ia=l1A ; Li=11A i I,=11A
0l ° =
ion (A) ‘ Lig~11A @ b LA
(A) Lun11A | :
olref : Ip=11A _
Decoupling Iy=11A lo2 A Lo2=0.0A
control in A 1n=6.6A GV Looreg=11A i Ly5e=6.0A
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Fig. 6. Control block diagram of the two-module WPT system.

switches, as shown in Fig. 2. For example, the phase difference
of the switching signal of S;; and S,; in Fig. 1(b) is given by

ay (t) — as(t)

9521 (t) - 9511 (t) = 9

+O5(t) — 0u(t).  (21)

C. Stability Analysis of Two-Module WPT System

Based on the small-signal model, the stability of the two-
module system is discussed. With the parameters of a two-
module WPT system given in Table III, the matrices of the state
equations, i.e., A, B, and C, can be calculated. Assuming that
the steady-state inverter phase shift angles of the two modules
are both 150°, the steady-state operating point can be obtained,
as given in Table I.

Based on the control diagram shown in Fig. 5, a simplified
control block diagram as shown in Fig. 7(a) can be derived (delay
is not considered), in which the variables are all 2-D vectors.
The block diagram of the open loop system is given in Fig. 7(b).
The transfer function of the compensation network G.(s), the
transfer function matrix of the decoupling matrix G 4.(s), and
the open loop transfer function matrix Gwpr(s) in Fig. 7(a) can
be expressed as follows:

K,s+ K;
Ge(s) = £ s :
1 _Giolag (S)
Gi 1aq S
Gae (s) = _ Gigay(s) "1

Gio2o¢2 (5)
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» Dot T > 1 G ()
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Fig. 7. Block diagram (a) in vector representation and (c) of the open loop system.
TABLE VII With (22) and Fig. 7(a), we can get
MEASURED PARAMETERS OF THE TWO-MODULE WPT SYSTEM R
i'r‘effo —z2=¢&"
Parameters Aligned 100 mm G, <5> e =4k
misaligned Ak oA
Ric 02170 02130 Gie () & — (23)
Lir 326.8 uH 326.9 uH Gwer (s) - & =1,
Lix 338.0 uH 337.8 uH —
Loy 332.6 uH 3323 uH
Lo 333.5 uH 333.1 uH By solving (23), the open loop and close loop transfer function
Mirir 48.2 uH 36.7 uH matrices of 4y.ef_o t0 2, can be obtained as
Mror -26.3 pH -26.0 uH
%lm _};(6) ﬁg '151'19:;? Gopen (8) = Gwer (8) Gae (5) Ge (5)
2TIR =15 -J. -1
Moor 2267 uH 263 uH Gasa (5) = (I + Gwer (5) Gae (5) G () (24)
Moror 47.5 uH 36.1 uH X Gwer (8) Gae (s) G (s) .
Cir 10.9 nF 10.9 nF o .
Cir 10.5 nF 10.5 nF The characteristic polynomials of GywpT(s) can be expressed
Cor 10.6 nF 10.6 nF as
Cor 10.6 nF 10.6 nF 5
PGWPT (S) = (det (SI — A)) . (25)
TABLE VIII Thus, the open loop characteristic polynomial popen(s) can be
ELECTRICAL SPECIFICATIONS OF THE TWO-MODULE WPT SYSTEM
calculated as
Parameters Values popen (5) = 5G4 (5) iy (5) - (det (sI — A))". (26)
Total Output Power 6.9 kW . . o
Input DC Voltage 400 V The relationship between the open loop characteristic poly-
Battery Voltage 330V nomial popen(s) and the close loop characteristic polynomial
Operating Frequency 86.2 kHz peisa(s) can be expressed as [36], [37], [38]
s
. Pasa(8) 4ot (1 4 Gopen (5)]. 7)
Gwpr (s) = C(sI — A) 'B, (22) Popen (8)
Take the following three cases as an example:
where B is defined as 1) K,=1,K;=10;
2) K, =0.002, K; = 1000;
10 3) K, =0.002, K; = 10.
B, =B 00 ) Consider nonduplicate items in the polynomial, popen(s) has
01 two zeros on the right half-plane in all these three cases. En-

00 larging the smaller portion of the curves, the Nyquist schematic
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TABLE IX
EXPERIMENT RESULTS AT THE ALIGNED POSITION
Aligned
Individual feedback control Decoupling control
1,=12.1A ’f 1,=12.1A =105 T: 1,=105A
Ref 10.5A) Ref 5.3A 105 = Ref 10/5A
| 1 [
4 i [,=105A iy
(5s/div) Reference .J T1,,=8.1A 1,78 1A (Ref 10.5A) 1,=5.3A
wre changed | s (Ref-10:5A) Ref 10:5A) ;
. t red li ‘ :
(500v/divy | Hreeime
Module M T 1 M v r - o —
output Li=12.1A - Li=105A | I,=105A
currents T — ¥ ¥
and Bef I I
inverter erore i =814
output Ch; nams i
voltages reference . r_ __1 — S | .__;—-
(L1 and 1, ! T 1 i ! T ] ] M r |
are average t }—-.‘\ wL = "5 i\‘ }' ., Y~
values) (2us/div) u i — 2
Ui u - —y —y— v v v v
(500V/div) Li=121A | r 105 A
5 . 1 1,=105A
After 1 1,,=8.1A L1=5.3A
changing : 01=3.
reference : | 1 .
a8 S mt e i
el Ll ] Tl 1 I S
~ i AN s u
1 2 Uy 2
\ 1 =99A ! ' 1 Ih=130A "
AL TN avillaWba)
petne | L] N ISR NIV VA8 VR Al
efore -~ w_
changing o 1=205A 1y —
Primary reference ™ 7\ Ia ™\ « In=1254
currents V [- _'q ‘] r— .Y )‘- —‘Y‘ m Aj ﬂ yr
and ¢ kvak 1‘UL \v‘ ‘t?/‘ } w ‘
inverter (5ps/div) ) 10
output ui.
oltages S v v v v T
n and 1, | (500V/iv) In=9.9A A AITSA
are RMS ' v/lr \}‘/)’\ \\// \\ J \ | \ ! l‘
values) After ~< a ' ' J- g ’—XJ ;7
changing o 1=205A Uy SO I I
reference | /3( A’ }C }[3" _ . K,In i7,4A
!ﬂ | ‘\ sq ‘ L < ‘N b
I I | T et
125) [25)

diagrams of the left half-plane in these three cases are shown in
Fig. 8. The number of positive crossings minus the number of
negative crossings of the three Nyquist curves are 0, 0, and 2,
respectively. Therefore, only the last case is stable.

Fig. 9 shows the simulation waveforms corresponding to the
above PI parameters. The PI controller in the steady-state simu-
lation has a preset value, which corresponds to the steady-state
operating point of Table I. It can be seen that if the system is
stable, the output waveform of the corresponding PI controller
is stable. If the system is unstable, the output waveform of

the PI controller has an oscillation divergence trend. However,
since the output of the PI controller and the output of the
decoupling stage will be limited, the output currents cannot be
increased infinitely. The simulation results are consistent with
the theoretical analysis.

In the prototype for experiments, there is a delay caused by
wireless communication. In the prototype, the HCO5 Bluetooth
module is used. According to the measurement results of the
Bluetooth module [39], the delay is between 20 and 50 ms.
Thus, a delay of 50 ms is included in the stability analysis of
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TABLE X
EXPERIMENT RESULTS AT THE MISALIGNED POSITION
100 mm misaligned
Individual feedback control Decoupling control
[ 1a=109AT 77 ,-109A 102 10. A T 102—10 SA
‘ (Ref 10.5A) i(Ref 10.5A) 5
t ! H
. Reference : H—
5s/d L
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lgl‘igtir changing | et Li=3:0A t
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(Lo1 and 1,2 T [ ‘ ] F f
are average t "'J h £ JL""‘ }\ AN A g
| ; S Uy Lo Pw I U L}
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the prototype. To facilitate the calculation, the first-order Pade
approximation is adopted [38]

77'5_1_55 (28)
(& _1—|—%S

The stability analysis is carried out based on the experimental
parameters used in Section V as given in Table VII. The com-
pensation network parameters are set as K, = 0.02 and K; =
0.002. Since the delay does not introduce new poles in the right
half-plane, popen(s) still has two zeros on the right half-plane.

The left half-plane Nyquist diagram of the system is shown in
Fig. 10, which indicates the prototype with the said PI parameters
is stable.

IV. SIMULATION VERIFICATION

Circuit simulations have been carried out based on two-
module, three-module, and four-module WPT systems (see
Fig. 11). All windings, with parameters given in Table II, are
identical in these three systems. The ac resistances, the induc-
tances, the phase angles of the decoupled input voltages at the
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Fig. 8. Left half-plane Nyquist diagrams of det[/4+Gopen(s)] when (a) K,
1 and K; = 10, (b) K, = 0.002 and K; = 1000, and (c) K}, = 0.002 and K;
10.

aligned position, and the PI parameters are given in Tables III-V.
The ac resistances are calculated using the method described
in [40]. The circuit model used in the simulations is the same
as that given in Fig. 1(b). The battery voltage is set at 330 V.
The operating frequency equals to the resonant frequency of the
resonators, which is 85 kHz.

Simulation results are shown in Table VI. Initially, the ref-
erence output currents of all modules are set at 11 A. Then,
at t = 0.5 s, Module 2 changes its output current reference to
6.6 A, whereas the other module(s) maintain the same. Using
conventional negative-feedback control for each module, all
three systems fail to follow the reference values in one or more
modules. By contrast, the proposed decoupling control is able
to follow the reference values in all the modules of the three
systems. The PI parameters maintain the same for the two control
methods.

7873

PI controller output waveform Output currents waveform
15

10 60

40

o' 9 ol 59
h—< e
-15 20

60

m< 40

io2 5

GV

i

a, 0

200 01 o2 03 04 05 200 01 02 03 04 05
Time (s) Time (s)
(a)

PI controller output waveform Output currents waveform

60
40
[
A

-20

07

60
.40
o2 5,

coooo
non oo

a A
5 ol 02 03 04 05 20 01 02 03 04 05
Time (s) Time (s)
(W]
PI controller output waveform Output currents waveform
0.52
15]
0.50 10
@048 iol 5
0.46 (GO
0.44 -5
0.52 15|
0.50 ~ 10
,048 o2 5
% 0 (UM
0400 02 03 04 os S0 01 02 03 04 05
Time (s) Time (s)
()
Fig.9.  Simulation waveforms when (a) K, = 1 and K; = 10, (b) K, = 0.002

and K; = 1000, and (c) K, = 0.002 and K; = 10.

V. EXPERIMENTAL VERIFICATION

A. Setup for Experiments

A two-module WPT prototype is built for experiments, as
shown in Fig. 12. The geometric parameters of the windings are
the same as those given in Table II. The measured parameters
of the couplers and capacitors in the aligned position and the
position with 100 mm horizontal misalignment are given in Ta-
ble VII. The misalignment direction is shown in Fig. 12(a). The
electrical specifications of the prototype are shown in Table VIII.
The compensation network parameters are set as K, = 0.02 and
K, = 0.002, respectively. The inverters and the rectifiers are
developed using MOSFET C2M0025120D and the ultrafast diode
RURGS80100, respectively. The primary-secondary communi-
cation is realized with the Bluetooth module HCOS.

B. Results and Discussion

The experimental results of using two control methods, i.e.,
the proposed decoupling control and the conventional negative-
feedback control, are given in Tables IX and X. In the case
of using the conventional negative-feedback control for each
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module, the output currents cannot follow the reference values.
For example, at the aligned position, when the references for
1,1 and 1,5 are both 10.5 A, the actual /,,; and I, finally reach
12.1 A and 8.1 A, respectively. Under this condition, the PI
controller of Module 1 should decrease the input voltage of
Module 1 and that of Module 2 should increase the input voltage
of Module 2. However, at this moment, the input voltage of
Module 1 has been reduced to nearly zero and that of Module
2 has been increased to the maximum. This indicates that the
outputs of the PI controllers have been divergent, which is caused
by the nonidentical parameters of two modules and the effect of
the strong cross couplings between modules. Because of the
divergence, the changes in the reference value do not affect the
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Fig. 12.  Experimental prototype. (a) Couplers. (b) Aerial view of the whole
system.
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nt 94.458 =%
Fig. 13.  Captured DC-DC efficiency at 6.9 kW from power analyzer.

controller outputs, and thereby the output currents of the two
modules maintain the same after changing the reference values.
Therefore, it is obvious that the individual negative-feedback
control is not able to separately regulate 7,7 and 7,2 under this
situation. Similar results are observed in the other scenarios
when using the individual negative-feedback control. By con-
trast, after applying the proposed decoupling control, the output
currents of the two modules follow the reference values well,
regardless of whether the windings are aligned or not. This is
consistent with the stability analysis given in Section III-C.
The measured dc—dc efficiency at 6.9 kW is 94.5% as shown in
Fig. 13. The loss breakdown is given in Fig. 14. The parameters
and formulas used for loss calculation are given in the Appendix.
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VI. CONCLUSION

The concept of modular WPT is a promising approach to
increasing the power level of WPT systems. However, modular
WPT systems encounter a critical challenge different from other
power electronics systems, which is the interferences caused by
the cross couplings among different modules. Applying the con-
ventional negative-feedback control individually to each module
might not be able to achieve the desired output. This article
derives the small-signal model of the two-module WPT system
and proposes a corresponding decoupling control method. Ac-
cording to the transfer function of the main circuit, the influences
caused by cross couplings can be eliminated by including an
extra decoupling component in the input voltage of each module.
Thereby, independent control for each module is successfully
realized, which means the output of one module can be changed
without affecting the outputs of the other modules. This control
method can be extended to an n-module WPT system. With the
decoupling control method, the overall control block diagram is
established and the stability of the closed-loop system is theoreti-
cally analyzed. The decoupling control is verified by simulations
on two-module, three-module, and four-module WPT systems.
Eventually, a 7 kW two-module WPT prototype is built. The
experimental result proves that the proposed decoupling control
method can realize individual output control for each module.
The measured dc—dc efficiency of the prototype is 94.5%.

APPENDIX

Parameters for loss calculation are given in Table XI. Coil
resistances can be calculated by the method introduced in [40].
The core loss is obtained through FEA software.

The loss of the capacitors and the coils can be directly calcu-
lated with the ac resistances. The conduction loss of each diode
is given by

1 1,
Prec = §IOVD + 5]07“0. (Al)

According to the inverter waveform in Fig. 6 and considering
the dead time, the calculation formulas of the turn-ON loss, the
turn-OFF loss, the MOSFET conduction loss, the antiparallel diode
conduction loss, and the antiparallel diode reverse recovery loss
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TABLE XI
PARAMETERS FOR L0OSS CALCULATION
Parameters Values
The primary coil R4¢ 0.189 Q
The secondary coil R,¢ 0.188 Q
Capacitance resistance @Q=1000 0.177 Q
Core loss 6.5 W
Diode Vp 08V
Diode ry 50 mQ
MOS R()N 25 mQ
MOS E,, @400V, 5A 0.17 mJ
MOS E,; @400V,5A 0.07 mJ
MOS E,; @A00V,13A 0.12mJ
Reverse Recovery Charge O, 406 nC
Anti-parallel Diode Vpy 33V
The dead time tyeqa 500ns
of S; are given, respectively, by [41]
Pox_s11 = f * Eox (A2)
Porr_s11 = [ * Eorr (A3)
Gdead = 7Tf tdead (A4)
i 1 05, +m—04dea 2
Pyos_s11 = | o= (V2Iirsin(0)) 6| Rox
2 0 51
(A5)
I 1 Os,+7
Piiode_s11 = o V2Ii7sin(0)do | Vom  (A6)
L T Jos, +m—04caa
1
Pres = 5@7'7‘VDM (A7)

where 04c0.q represents the angle corresponding to dead time,
fis the experimental operating frequency, and I1; is the RMS
value of the primary current of Module 1.
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