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Modeling and Analysis of Series-None
Compensation for Wireless Power Transfer
Systems With a Strong Coupling

Yiming Zhang

Abstract—In some applications of wireless power transfer, such
as wireless charging of consumer electronics and electric buses,
the coupling between the transmitter and the receiver is strong in
order to improve efficiency. With a strong coupling, the compensa-
tion on the receiver side can be eliminated to achieve a high-level
integration of the receiver device and a smaller receiver-side loss,
forming a series-none (SN) topology, which has not been fully inves-
tigated before. The commonly used first harmonic approximation
method for the SN topology has discrepancies with a low-power
output and cannot fully reveal the characteristics of the SN topol-
ogy. Therefore, this paper establishes a model of the SN topology
and derives the analytical expressions of the transmitter and re-
ceiver currents based on differential equations. The distortion of
the receiver current is studied. The coil-to-coil efficiency is obtained
and its maximum condition is investigated. The SN topology offers
approximately the same efficiency as the SS topology when the cou-
pling is strong and the coil quality factors are large. Theoretical
calculations and experimental results confirm the analysis.

Index Terms—Compact and small size, differential equations,
LLC converter, series-none (SN) compensation, wireless charging,
wireless power transfer (WPT).

1. INTRODUCTION

HERE have been great advancements of Wireless Power
T Transfer (WPT) technology [1]-[4] that can be applied
where the conventional wired power transfer is inconvenient,
expensive, hazardous, or even impossible, such as electric vehi-
cles (EVs), consumer electronics, implantable medical devices,
and special industrial charging applications like mining and
underwater devices. Inductive power transfer (IPT), or mag-
netic induction WPT, is the most widely applied WPT technol-
ogy that employs the magnetic field for power transfer. In IPT,
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Fig. 1.

compensations are generally required to increase efficiency and
decrease the VA rating of the inverter. Typical compensations
include series (S) compensation [5], [6], parallel (P) compensa-
tion [7], [8], and LCC compensation [9], [10]. The topologies
of SS, PP, and LCC-LCC are shown in Fig. 1.

In some charging scenarios, a strong coupling is required to
achieve high efficiency. Typical examples are high-power wire-
less charging for EVs [11], where the gap between the trans-
mitter and the receiver is much smaller than the coil diameter,
and wireless charging for consumer electronics [12]. To facili-
tate the integration of the receiver into the EV or the consumer
electronics, a compact receiver is required. With a strong cou-
pling, the receiver compensation can be eliminated to reduce
the size, weight, and cost of the receiver while still maintaining
a high efficiency. Because a full-bridge voltage-source inverter
(VSI) is adopted as the source for the WPT system, an S com-
pensation is selected on the primary side, which can be directly
connected to the VSI. With an S compensation for the transmit-
ter, a series-none (SN) compensation for a WPT system with a
strong coupling is formed. The SN compensation can be applied
where a compact and low-cost receiver of a WPT system is re-
quired. The coupling between the transmitter and the receiver
should be strong and the coil quality factors should be large

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig.2.  WPT system with an SN compensation.
+ +
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Fig. 3. All-primary-referred model of a WPT system with an SN compensa-

tion.

to achieve high efficiency. In [13], [14], a similar SN topology
was employed, but the analysis was based on first harmonic
approximation (FHA), which is not accurate enough.

In this paper, a strongly coupled WPT system with an SN
compensation is studied and compared with the LLC converter.
The models of the SN topology at the resonant frequency are es-
tablished based on both FHA and the differential equations (DE).
Analytical expressions of the transmitter and receiver currents
are derived. The coil-to-coil efficiency is analyzed and maxi-
mized. Theoretical calculations and experimental verifications
are conducted to confirm the analysis.

II. COMPARISON BETWEEN SN TOPOLOGY
AND LLC CONVERTER

The topology of a WPT system with an SN compensation is
depicted in Fig. 2, where Uy.; and U are the input dc voltage and
the output ac voltage of the inverter, respectively; ¢; and L are
the current and self-inductance of the transmitter, respectively;
Ugea, Us, 1o, and Lo are their counterparts on the receiver side;
M5 is the mutual inductance between the transmitter and the
receiver; C is the capacitance of the transmitter; and u¢ is the
capacitor voltage.

The model in Fig. 3 resembles the LLC converter [15]. L,
can be obtained as the primary inductance in Fig. 2 when the
secondary is short-circuited. L,, is the difference between L;
and L,. L, L,,, and n can be expressed, respectively, by

1 M,)? M2
L, = wa <ij1 + w) =L — 712:(]. — k%z) Ly

JwLs Lo
(1)
M?
Lm = Ll - Lr - TIQ = k%QLl (2)
2
M Ly
S R it 3
n T 2\ 7, (3)
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Fig. 4. Phasor diagram of transmitter and receiver voltages and currents.

where ko is the coupling coefficient of the transmitter and the
receiver, defined as

M12
VILiLy

The angular resonant frequency of L, and C; can be calcu-
lated by

k12 =

“)

1
VL,.Cy’

At w,, Uy, and U, are in phase. Uy and Uy are positively
or negatively connected to the resonant circuit simultaneously.

Ideally, the relationships between U; and Us, and also Uy and
Ugeo are

®)

w, =

ﬂ _ Ud(:l
U2 Uch

=n. (6)

III. MODELING AND ANALYSIS
A. Model Based on FHA
Based on FHA, U; and U, in Fig. 2 can be expressed by

U = —VUqer
@)
Uy = —VUqea.-

U, and U, satisfy (6). Since it is a voltage-source converter,
the receiver current /5 is determined by the load. The transmitter
reactance X is defined by

1
Wy Cl '

Assume that the rectifier is resistive and the system is operated
at the resonant angular frequency w,. Based on the directions
defined in Fig. 2, the phasor diagram of the transmitter and
receiver voltages and currents is depicted in Fig. 4. For a given
Uy and 15, U, and I; can be calculated by

L, Uy

U2 - mUl = ; (9)

Xl = w,.Ll —

®)



ZHANG et al.: MODELING AND ANALYSIS OF SN COMPENSATION FOR WPT SYSTEMS WITH A STRONG COUPLING 1211

VUE + (0 Lo l)* g U?

= = +13.
(wr Mi2)? ’

1 (10)
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The phase difference between U; and I, which is the phase
angle of the input impedance, can be calculated by

U2 RLac
= arctan
wy Ly Iy Wy Lo

(1)

(3 = arctan

where R .. is the equivalent ac load resistance.

We can see from Fig. 4 that the input impedance of the WPT
system with an SN compensation is always inductive, which is
good for achieving zero voltage switching (ZVS).

The output power can be calculated by

2 2
Py =Usl, = C?L? cot 3 = %% cot 3.

(12)

B. Model Based on DE

FHA may not always be true with the SN topology, especially
when the currents are not sinusoidal. To describe the SN topol-
ogy, uc1, %1, and 7o are chosen as the state variables and the DE
concerning these three variables are developed below. For the
first half cycle, when Uy and Uy, are positively connected to
the resonant circuit, the model in Fig. 2 can be built by

diy dis
Ujer = Li— + Mijo—
del = Uc1 + ldt+ 12
diy diq
o = Lo—= + Myy— 13
Ude2 2 + M 7 (13)
. duc
=C
11 1 i
The initial conditions to constrain (13) are
i1 (0) = —iy (m)
ig 0 :—ig ™
(0) (7) 14
uct (0) = —ueq ()
i9 (0) = 0.

For the second half cycle, the DE and the initial conditions
are shown, respectively, in the following equations:

diy dis
—Ugey = U Li—Y & Moo =2
Ude1 = uc1 + ldt+ 127
disy di;
—Ujey = Lo— + My — 15
Ude2 2 + Mio at (15)
du01
— O, 2L
11 ldt
i (m) = —iy (2m)
io () = —19 (27
2 () 2 (2m) 16)
uc1 (71') = —Uuc1 (271’)
Zg(’i‘r):O
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Fig. 5. Primary and secondary voltage and current waveforms.

Based on (13)—(16), the analytical expressions of the trans-
mitter and receiver currents can be derived as

mUq4c2 sin (w,t — B)
1 =
YT 2w M, sing
iy — — TUqe2
2 2w7,L2
sin (w,t — ()
sin 3
a (wﬂf)
oor| — 20, X
+(—-1) ™ [W — 2floor (w,t) - 1}
™ 0

7)

where floor (B) represents the function that rounds the element
of B toward the next smaller integer. 5 is the phase difference
between u; and ¢; and 0 < 3 < 7/2. It can be found that the
transmitter current is purely sinusoidal, while the receiver cur-
rent has two components: the sinusoidal component and the
triangular component (the underlined term in (17)). When f3
is 45°, the waveforms of the transmitter and receiver voltages
and currents, together with the two components of the receiver
current, are shown in Fig. 5. The distorted receiver current is
caused by the composition of the sinusoidal and triangular com-
ponents. The triangular component of the receiver current does
not contribute to the power transfer but makes the receiver cur-
rent distorted. The sinusoidal component, which contributes to
the power transfer, is not 180° out of phase with the receiver
voltage us. Instead, there is a phase difference between the re-
ceiver voltage and the receiver current. The amplitude of the
receiver current is smaller than the sinusoidal component due
to the existence of the triangular component. Also, the receiver
current is half-wave symmetrical. FHA is not accurate in this
case, especially when the receiver current is small.

According to (17), the sinusoidal component of the receiver
current is in reverse proportion to the phase difference between
the transmitter voltage and current 3, while the triangular com-
ponent is independent of 3. The smaller the 3, the larger the
transmitter and receiver currents. Therefore, when the phase
difference is small enough, the impact of the triangular compo-
nent can be ignored.
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At time 0, the transmitter current can be expressed by

o ﬂ-Udc?
2w, Mo

which is always negative, indicating that the WPT system with
an SN compensation can achieve ZVS for higher inverter effi-
ciency.

The root-mean-square (RMS) values of ¢, and ¢» are

i1(0) = (18)

I = TUqe2
2v/2w, M1, sin 8
(19)
wUqeo 1 1 8
L = - — —.
: 2w, Lo \/2sin25 + 3 w2

One of the advantages of the SN topology is that it achieves a
compact receiver structure with reduced cost, weight, volume,
and loss. For an identical transmission coil system, where L; =
L, the ratio of the RMS values of the transmitter current and
the receiver current can be obtained from (19) as

L 1
by 14 (- &) 2sin?p

This ratio is always larger than 1 and the larger the phase
difference (3, the larger this ratio. Due to the fact that there is a
matching capacitance on the transmitter side, while there is none
on the receiver side, the equivalent resistance of the transmitter
R, is larger than that of the receiver Ry. Therefore, the loss
on the receiver side is smaller than that on the transmitter side,
which is good for the thermal design of the receiver.

The dc current of the rectifier can be calculated as

(20)

T/ wy i
wy TUq4c2 sin (w,t — () 2w, t
Ty = |— - — 14— |dt
ez T /0 2w, Lo [ sin 3 + T
_ Yaez o 8. Q21
w,.Lg

The output power and the input power can be calculated as

UQ
Pout = UchId(:Q = —de2 COtﬁ (22)
WTLQ
Uge1Ude
Py = Ui I cos B = =214 oot 3. (23)
wy My

Since the coil loss is not considered in the derivation, letting
Pou = P yields

L Uqge
Ud(:2 = Mingdd - del
(24)
M,
Iy = Tnldcl = nlgc.
2

This is the characteristic shown in the LLC converter that there
is a certain ratio of the output voltage and the input voltage.
In addition, the smaller the [3 is, the larger the output power
will be.

From (21), we have

Udc2 Rde
—— = arctan

wr Lalgen wy Lo

[ = arctan (25)
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where Ry 4. is the equivalent dc load resistance.

Comparing (11) and (25), we can know that the calculated
phase difference based on FHA is smaller than that based on DE,
because Ry, > Rp4c. Thus, the calculated transmitter current
based on FHA would be smaller than the results from DE, which
are closer to the actual values. The amplitude of the transmitter
current affects the selection of the power switches of the in-
verter and the resonant capacitors. Therefore, it is more precise
to analyze the WPT system with an SN compensation based
on DE.

The coil-to-coil efficiency can be calculated as

- Pout
ool = B+ I’Ry + I2R,

1

2

2 1 1 1 2
L+ WT (k,szl + QT) sin 23 + 47232

(5 — ) tan 3
(26)

where (), and (), are the quality factors of the transmitter and
the receiver, respectively. They are defined as
wr Ly wy Lo

Ql = 731 ,QQ :7R2 .

Note that0 < 3 < /2. By taking 91011 /03 = 0, the optimal
[ can be obtained. Assuming that ), = @2 = @, the optimal
(3 can be derived as

27)

1

—+1

SR 1)
ml+2(5-5) 4

Bopt = arctan

ks

The maximum coil-to-coil efficiency can be calculated as
1
1 (1 18
1+ 5 (@jtl g—ﬁ)
Thus, conclusions can be drawn that the coil-to-coil efficiency
of the SN topology peaks at the phase difference of 7/4. The

corresponding dc current of the rectifier and the output power
are calculated as

Tcoil-max-SN = (29)

Ude
Idc?—opt = deZ (30)
-
U3,
Pout—opt = ﬁ (31)

According to [16], the maximum coil-to-coil efficiency of the
SS topology can be simplified as

k2@
1+ (k12Q)°

The maximum coil-to-coil efficiencies of the SS topology and
the SN topology varying with the coupling coefficient under dif-
ferent quality factors are depicted in Fig. 6. With a large quality
factor and a strong coupling, the difference in the maximum
efficiency of the SS and SN topologies will not be significant.
When the coupling coefficient is smaller than 0.5, the efficiency

k@
koQ+2

Tcoil-max -SS = (32)

1+
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Fig. 7. Model of the SN topology in consideration of the voltage drops.
Fig. 8.  Experimental prototype of the SN compensation.

difference between the SS topology and the SN topology would
be significant. In this condition, employing the SN topology
may not be a good choice. Therefore, the SN topology is a suit-
able solution to achieve a compact and low-cost receiver with a
strong coupling and large coil quality factors.

C. Model in Consideration of Voltage Drops

In practical implementations, the output voltage of the SN
topology may not always behave as shown in (23), because
there are switch and coil losses and the voltages drops across the
switches on both the transmitter and the receiver. The model of
the SN topology in consideration of the losses and the voltage
drops is given in Fig. 7, where AUy is the voltage drop on
the transmitter side and Rgc is the total equivalent resistance
(receiver resistance and rectifier resistance) on the receiver side.
Inside the dash-line box is an ideal SN topology analyzed in
Section III-B.

1213

150 T T T
—~ 140} M.
2
©
2130 —&—Uinv=120V: cal
5 = Uinv=120V: exp
3 1201 Uinv=110V: cal
a M Uinv=110V: exp
5 —A—Uinv=100V: cal
= 10 A Uinv=100V: exp
g H*H*' ——Uinv=90V: cal
X 400} v Uinv=90V: exp
—©—Uinv=80V: cal
M ® Uinv=80V: exp
90 ‘ ‘ ‘ ‘

0 4 8 12 16
Rectifier DC Current (A)

Fig. 9. Calculations and experimental results of Uyec varying with Igca .

N
e}

-
(&)}
T

-
N
T

Transmitter and Receiver Currents (A)
©

0 2 4 6 8 10 12
Rectifier DC Current (A)

Fig. 10.  Calculated and experimental results of transmitter and receiver cur-
rents varying with gco.

96 T : r ; -
R4t
>
%)
c
@
o
& 921
i
(@]
Q - - FHA
8 N0r o —6—DE 1
® Exp
88 . . . . .
0 2 4 6 8 10 12

Rectifier DC Current (A)

Fig. 11.
Tgea-

Calculated and experimental results of dc—dc efficiency varying with

Ugcer and Iy can be expressed as

Upus — AUq,
Uaer = ————= (33)
I _ Uch - Ubat _ Ubus - A(]dcl U 1
dec2 Rdc2 n bat Rdc2 .
(34)
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TABLE I
SYSTEM PARAMETERS OF SN TOPOLOGY

Note Symbol Value
Transmitter Inductance Ly 63.5 uH
Receiver Inductance L, 61.9 uH
Mutual Inductance My 49.9 uH
Coupling Coefficient ki 0.80
Leakage Inductance L, 23.25 uH
Transmitter Capacitance Ci 166 nF
Main Inductance L 40.2 uH
Turn Ratio n 0.81
Resonant Frequency e 81 kHz

IV. CALCULATIONS AND EXPERIMENTS

An experimental prototype of the SN topology is imple-
mented to validate the analysis, as shown in Fig. 8. The system
parameters are tabulated in Table 1.

In this setup, AUy is assumed to be 2 V and Ry, is 0.57 €.
The calculations and the experimental results of the rectifier
dc voltage U, varying with the Rectifier dc current /4., under
different dc voltages of the inverter U;y,, are shown in Fig. 9. Ul
drops slowly with the increasing /4.», showing a voltage-source
output characteristic.

When Uj,, = 100 V, the calculated and experimental results
of the transmitter and receiver currents and the dc—dc efficiency
varying with the rectifier dc current are shown in Figs. 10 and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019
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11, respectively. The calculated transmitter current based on
FHA is smaller than that of DE, and because of this, the cal-
culated efficiency based on FHA is larger than that based on
DE. The model based on DE agrees better with the experimen-
tal results than that based on FHA. Therefore, for design the
WPT system with the SN topology, the model based on DE is
recommended.

When U,y = 100 V, the calculated and experimental wave-
forms of the transmitter and receiver currents are shown in
Fig. 12. FHA provides a good approximation when the output
power is large. However, it is inaccurate when the power level is
low. The calculated transmitter current based on FHA is always
smaller than that based on DE, which is a verification of Fig. 10.
In comparison, the proposed model based on DE agrees well
with the experimental results at all power levels. The reason
the receiver current is distorted at a low-power level is that the
triangular component in the receiver current takes up a large
proportion.

V. CONCLUSION

In this paper, an SN topology has been proposed for a WPT
system with a strong coupling, featuring a compact structure of
a noncompensated receiver and a lower receiver side loss. The
SN topology achieves approximately the same efficiency as the
SS topology when the coupling is strong and the coil quality
factors are large. The SN topology is equivalent to the LLC
converter and their correspondence has been investigated. The
model of the SN topology has been built based on both FHA and
DE. The model based on DE is more accurate than that based on
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FHA, especially when the output power is small. The analytical
expressions of the transmitter and receiver currents have been
derived. It has been found that the transmitter current is purely
sinusoidal, while the receiver current is distorted. The distorted
receiver current has two components: the sinusoidal component
and the triangular component. The triangular component is sig-
nificant when the output power is small. The expression of the
coil-to-coil efficiency has been derived and it is maximized at
the phase difference between the transmitter voltage and current
of m/4, or when the dc current of the rectifier equals the ratio
of the dc voltage of the rectifier and the receiver reactance. An
experimental prototype has been built. The proposed model well
matches the experimental results in all power levels.

This paper is helpful for the optimal design of the SN topology
in WPT systems with a strong coupling.
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