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An MMC-Based IPT System With Integrated
Magnetics and ZVS Operations
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Abstract—This article proposes a novel high-frequency modu-
lar multilevel converter (MMC) for an inductive power transfer
(IPT) system. MMCs have many benefits, such as larger modula-
tion depth, more degrees of control, and lower device stresses in
comparison to traditional full-bridge converters. However, MMCs
are traditionally used for low-frequency applications. Their high-
frequency operation differs significantly and has not been reported
yet. This article focuses on the 85-kHz operation of an MMC
driving the primary compensation circuit of an IPT system. The
high-frequency operation of the MMC allowed the proposed design
to integrate the dc arm inductors with the primary compensation
network of an IPT system, lowering the component count. A digi-
tized modulation scheme is used to regulate the output power while
maintaining zero-voltage switching under the range of operating
conditions considered. To validate the proposed MMC-based IPT
system, an SAE J2954 WPT2/Z2 compliant prototype is built and
tested, which achieves up to 93% efficiency when transferring
7.7 kW with a 220% variation in coupling factor and a varying
output battery voltage between 280 and 420 V.

Index Terms—Electric vehicle (EV), inductive power transfer
(IPT), modular multilevel converter (MMC).

1. INTRODUCTION

NDUCTIVE power transfer (IPT) is becoming one of
I the most suitable solutions for charging electric vehicles
(EVs) [1]. It is convenient, safe in hostile environments, and
aesthetically pleasing. IPT also enables autonomous charging
for taxi fleets and self-driving vehicles in the future.

IPT-based wireless EV chargers should adhere to international
standards such as the SAE J2954 to ensure that interoperability,
safety, and performance requirements are met [2]. These stan-
dards typically expect the charger to maintain a constant power
transfer as the magnetic coupling k between the ground assembly
and the vehicle assembly varies in the range between 0.1 and 0.3
(a 300% change). Furthermore, the charger is also expected to
deliver the rated power as the state of charge of the EV battery
changes by 150% (i.e., the battery voltage V;, changes between
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280 and 420 V for a nominal 400-V EV battery or between 560
and 840 V for a nominal 800-V EV battery) [3]. Therefore,
the power converters used in an IPT-based EV charger should
be capable of efficiently handling load variations up to 450%.
However, it is extremely challenging to develop an efficient
power converter to operate under these varying conditions while
also achieving higher power levels.

The widely used methods to regulate the power output of an
IPT system under a large load variation can be classified into two
groups: controlling the dc-link voltage and controlling the IPT
converters. To control the dc-link voltage, researchers have de-
veloped sophisticated power factor correction (PFC) circuits [4]
that produce a wide range of output voltages. However, this is
done at the cost of using overrated switches and more complex
filter and control circuitry [5]. Another popular method to control
the dc-link voltage is to use an additional dc—dc converter prior to
the IPT primary-side converter [6]. Such a design simplifies the
requirements for the PFC unit and the IPT converter. However, it
adds an extra power conversion stage into the transmission train,
which results in higher cost and lower overall efficiency [3].
IPT systems commonly employ a primary-side control, which
typically applies duty-cycle or phase-shift modulation to the
primary converter to regulate the power flow. A simple passive
rectifier on the secondary side is employed to ensure a simple
secondary-side design and a simple control system. However,
the primary-side modulation depth required to cope with a450%
load variation significantly increases the converter loss due to
unfavorable switching conditions. Often expensive SiC devices
have to be used to counter the high losses [7], [8], and in some
cases, multiple paralleled SiC devices are used to share the
power loss [9]. To reduce the stress on the primary converter in
a primary-side controlled system, researchers have developed
dual-side control, which enables impedance matching. This
method can actively distribute the losses among the primary and
secondary magnetic couplers, thus achieving the optimal ac—ac
efficiency [10], [11]. However, it increases the complexity of the
power electronics on the vehicle side, which is undesirable from
the EV manufacturer’s point of view.

To accelerate the adoption of wireless EV charging, a simple
and low-cost vehicle side design is essential, and therefore,
the primary-side-controlled IPT systems are preferred [7]. The
industry typically uses full-bridge (FB) as the primary con-
verter of a primary-side-controlled IPT system. However, in
contrast to traditional FB converters, multilevel converters can
achieve higher power levels at the cost of using more power
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Fig. 1. Proposed MMC-based IPT system.

semiconductors. They also have added benefits such as large
modulation depth, low total harmonic distortion, and the pos-
sibility of using lower voltage devices, overriding some dis-
advantages [12], [13]. Multilevel converters are relatively new
in IPT systems. A MARX inverter that can generate staircase
waveforms was demonstrated in [14]. Here, each step of the
staircase is limited to the dc source voltage. A switched capacitor
topology with an added FB stage was proposed in [15]. Such a
design uses a higher number of switches, and the staircase wave-
form steps are also equal to the dc source voltage. A five-level
converter consisting of two series-connected half-bridges was
presented in [16] and [17]. However, the phase shift between
the two half-bridges resulted in an asymmetric waveform. A
cascaded H-bridge converter was used in [18] and [19], but such
a system requires multiple independent dc sources, which is
undesirable.

A modular multilevel converter (MMC) could be suitable to
implement a primary-side-controlled high-power IPT system.
The use of MMC's in HVdc or medium-voltage drive systems has
been thoroughly studied in the literature [20], [21]. However, the
MMCs in those systems operate at low frequencies (typically 10s
of hertz to 100s of hertz) in comparison to the 85 kHz required
in IPT systems. The operation of an MMC in an IPT system
significantly differs from low-frequency MMCs reported to date.

This article evaluates a high-frequency MMC suitable for
primary-side-controlled IPT systems; the circuit diagram is
shown in Fig. 1. On a high level, the highlights and the ad-
vantages of the proposed system are shown as follows:

1) the use of MMC topology:

1) alarge freedom of control;
2) a wide operating range;
3) converter modularity, easy to scale the power level,

2) the use of integrated magnetics:

1) dual-purpose arm inductors are also used for the first
LC'L compensation inductor;

2) alower inductor core count;

3) alarge dc equivalent arm inductance, reducing the arm
ripple current;

3) the zero-voltage switching (ZVS) operation:
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Fig. 2. Per-phase equivalent circuit of the MMC.

1) the proposed digitized modulation ensures ZVS for all
switches;

2) the ability to use cheap Si MOSFETs;

3) high efficiency for high-frequency operation.

The rest of this article is organized as follows. In Sec-
tion II, this MMC-based IPT system operation is discussed.
In Section III, the use of integrated magnetics is explained.
In Section IV, a digitized modulation scheme used in the pro-
posed MMC is explained, a primary-side open-loop controller
is presented, and a capacitor voltage balancing algorithm is
demonstrated. In Section V, a 7.7-kW MMC with 12 submodules
(SMs) was built and tested under the SAE J2954 WPT2/Z2
specifications, and the results are discussed in detail. Finally,
Section VI concludes this article.

II. MMC-BASED IPT SYSTEM OPERATIONS
A. MMC Operation Principles

The per-phase-leg equivalent circuit diagram of the MMC is
shown in Fig. 2. The bus voltage Vpc is divided into two parts,
where the middle point is a virtual ground reference. The series-
connected SMs in upper and lower arms form v;,, and v;;, where
the subscript j denotes the particular phase leg (in this article,
7 is 1 or 2 since a single-phase system is considered). u and [
denote the upper and lower arms. Using the same subscripts, the
arm inductors of a phase leg are labeled as Lj,, and Lj;. The
current through upper and lower arms of the phase leg is given
by [20]

Gju = Ljeir %J, bl = jeir — %J ey

According to [22], an MMC can be characterized by two
equivalent circuits: the common mode and the differential mode.
The common-mode voltage of a phase leg generates the load
current (i), while the differential-mode voltage generates the
circulating current (¢ j¢jr), as shown in Fig. 3. The common-mode
and differential-mode voltages are given by

Vil — Uy
' viu
Vjcommon = 5 2)

vjditt = Vbc — (Vju + vj1). 3)

The circulating current can be separated into a dc part and an
ac part. The dc part is equal to the dc current shared by the two
phase legs in a single-phase system, and the ac part is due to vgig
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as given by
. . Power .
ijcir = Inc/2 + ijeirac = oo + 4jcirAC 4
1
Ujdiffdt. (5)

Z"cirA =
T L + Lyt + 2Mj

In traditional MMC applications, where the fundamental
frequency of the load current is relatively low, the controller
must ensure that vy is minimized to suppress the ac circulating
current. However, in MMC-based IPT systems, the fundamental
frequency of the load current is 85 kHz. This leads to signifi-
cantly lower ac circulating currents due to the arm inductances
presenting high impedances. As such, it is not an essential
criterion that the controller tries to maintain v;,, and v;; equal. In
fact, as explained in Section IV, the proposed MMC-based IPT
system exploits this feature to develop a digitized modulation
scheme that facilitates ZVS.

B. Proposed MMC IPT System Equivalent Circuit

This article considers a primary-side-controlled single-phase
MMC-based IPT system, as shown in Fig. 4(a). To help explain
the operations, the equivalent circuit models shown in Fig. 4
are used. The arm voltages of the MMC are represented by
voltage sources v14, V1], U2y, and vy. The arm inductors are
notated as L1, L1;, Loy, and Lo;. To reduce the size of the arm
inductors of each phase leg, they are constructed as coupled in-
ductors, where M1,,; and Ms,,; represent the mutual inductance
between them. The compensation network of the IPT system
is represented by Zj., as shown in Fig. 4(a). As discussed
previously, using the per-phase-leg circuit transformation and
superposition, the common-mode equivalent circuits can be
derived as in Fig. 4(b). The coupled inductors can be further
simplified to obtain Fig. 4(c).

Finally, Fig. 4(c) can be equalized to a voltage-source-driven
IPT system with an LC'L compensation network on the primary
side, as shown in Fig. 4(d). The most generic form of the
equivalent voltage source (v;) and the equivalent inductance
(Lp;) can be expressed by

VUpi = Ulcommon — V2common

_ vu(lru — M) — viu(Li — Myw)
Liy + Ly — 2Myy
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Fig.4. MMC-based IPT system equivalent circuit transformation. (a) Simpli-
fying arm voltages. (b) Equivalent voltage-source transformation. (c) Equiva-
lent inductor transformation. (d) Final simplification to traditional LCL-P IPT
system.

(Lo — Maw) — vau(Lar — Maw)
Loy + Loy — 2Moy
_ LluLll - M12ul LQULQl — M22ul
P Liw+ L +2Miy, Loy + Loy + 2May

(6)

(N

The arm inductors Lq,, L1;, Loy, and Lo; are typically
designed to be the same value, and their mutual inductances
M4 and Mo, are usually somewhat identical. Therefore, (6)
can be simplified as

Vpi = (Ull Ulu) . (UZI U2u) . (8)
The compensation networks employed in the IPT system pro-
posed (i.e., LC L-tuned primary and parallel tuned secondary)
are the recommended design in the SAE J2954 standard and have
been studied thoroughly in the literature [2], [10]. Therefore,
this article will not go into the details of deriving equations to
characterize the power transfer through the compensation net-
works. As discussed in [2] and [10], both primary and secondary
compensation networks are tuned to the fundamental frequency
fsw of vy, as given by

1 1
waLptfeff = WswLpt - o = oszL;m' = ﬁ 9)
sw<1p sw“p
1 1

Wsstt_eff - wsstt - -

= 10
wWswC' s wewCs (10
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Fig. 5.

ANSYS simulation and actual inductor.

where wgy = 27 fiw. Under the tuned conditions specified in (9)
and (10), most of the power transfer happens at the fundamental
frequency, which can be simplified to

P k\/ LpthtrU;ﬂ‘/batt

WswLpiLstfeff

(11)
where v); is the amplitude of vp;.

III. INTEGRATED MAGNETICS

This section discusses how the integrated magnetics serve
different purposes in the proposed MMC, as shown in the two
circuit modes in Fig. 3.

In the differential-mode equivalent circuit, the arm inductors
act as an equivalent dc inductor for each phase leg, which can
be calculated by

LarmDC(perphase) = Lju + le + 2]\4jul (.7 =1lor 2) (12)

This equivalent dc inductor is used to store energy and transfer
it to the SM capacitors. It is also used to suppress the circulating
current derived in (5). Therefore, the equivalent dc inductance
needs to be sufficiently large, and the coupled inductor structure
helps achieve a larger dc inductance.

In the common-mode equivalent circuit, the arm inductors act
as the equivalent L,; that forms the LC L compensation network.
The equivalent circuit transformation is shown in Fig. 4(b)—(d),
where the equivalent L,; can be calculated using (7). Unlike
Lampc, the equivalent L,; inductance is used for tuning the
LC'L compensation network. Therefore, its inductance should
be within 10% of the desired value [23] to avoid impacting the
power transfer. According to the manufacturer data sheet and
from ANSYS simulations, each of the coupled arm inductors in
a phase leg can be implemented using two windings wound on
a single PM 87 core. The equivalent L,,; value is proportional
to the number of turns and is not sensitive to the air-gap. This
is because with a larger air-gap, the coupling factor between the
two windings will reduce, but so will the winding inductance
itself. As such, the resultant L,; will remain largely unchanged.
For example, ANSYS simulations show that an air-gap from 1
to 5 mm results in only a 2.7% variation in the resultant L,
value. The authors used 13 turns of 4-mm-diameter Litz wire to
construct the two coupled arm inductors used in the prototype
system. The ANSYS simulation and the actual inductors used
are shown in Fig. 5, and their specifications are summarized in
Table I.
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TABLE I
ARM INDUCTOR SPECIFICATIONS

Liw Ly Laouw Ly
Core size & material PM87 & N87
Max current rating 50A RMS
Air gap 1.6 mm
Number of turns 13
Inductance (pH) 92.1 90.7 927 93.1
Mutual inductance Mi,; & Moy (WH) 77.3 78.7
Equivalent L;(uH) & Rac(m2) 142 & 43
Equivalent Lympc(uH) & Rpc(mS2) 337 & 16 343 & 16
GEB b L
Ve Ve
N[ Vs < Vsmi | | Vsl
 enr il
0 —— 0 —— y
sw TSW TYW
D=100% D=0% D =50%

Fig. 6. Three operating modes of an SM when utilizing digitized modulation.

IV. CONTROL OF THE MMC-BASED IPT SYSTEM
A. Digitized Modulation for MMC

MMCs used in traditional applications usually produce
relatively low fundamental frequency components under a few
hundred hertz. The modulation schemes for such applications
have been studied thoroughly in the literature, and popular
options include phase-shifted carrier pulsewidth modulation
(PWM), space vector modulation, selective harmonic
elimination, and staircase modulation [20]. Such modulation
techniques are not suitable for IPT applications as the MMC is
required to synthesize a high fundamental frequency. A novel
digitized modulation scheme is, therefore, proposed to operate
the proposed MMC to synthesize the 85-kHz fundamental
required for driving an IPT system. Instead of generating many
switching instances within one fundamental frequency cycle, the
proposed modulation ensures that no more than one switching
instance happens within one fundamental frequency cycle.

Traditional PWM used in MMCs ensures that the capacitor
in each SM is maintained at a voltage Vpc/N (where N is the
number of SMs in that arm, and therefore, in the case shown in
Fig. 1, N is 3). However, in the proposed digitized modulation
scheme, the voltage of each SM capacitor is a function of the
duty cycle that the SM is operating at. Assuming that an SM in
a phase leg is operated at a duty cycle, D, where D is the ratio
between the time the SM is inserted and the switching period,
Ty = 1/85 kHz, with the digitized modulation scheme, each
SM can only operate at one of three duty-cycle values. These
are 100%, 0%, or 50%, as shown in Fig. 6.

Within each phase leg in the proposed MMC system, during
one switching period, it is assumed that an ¢ number of SMs
are operated at D = 100%, a b number of SMs are operated at
D = 0%, and a ¢ number of SMs are operated at D = 50%.
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TABLE II
MMC OUTPUT VOLTAGE LEVELS AT DIFFERENT DUTY-CYCLE PATTERNS
WHEN Vpe =400V

Duty-Cycle Pattern No. a* b* ¢*  SM voltage (14)  vp; (16)
#1 0 0 6 133 V 400 V
#2 1 0 5 114V 286 V
#3 1 1 4 133 V 266 V
#4 1 2 3 160 V 240 V
#5 2 0 4 100 V 200 V
#6 2 1 3 114 V 171 V
#7 3 0 3 89 V 134 V
#8 3 1 2 100 V 100 V
#9 4 0 2 80 V 80V
#10 3 2 1 114V 57V
#11 4 1 1 89V 45V
#12 5 0 1 3V 37V

*Note: a = number of SMs running 100% duty cycle in a phase leg, b = number of
SMs running 0% duty cycle in a phase leg, and ¢ = number of SMs running 50% duty
cycle in a phase leg.

Each combination of a, b, and c represents a duty-cycle pattern,
and each duty-cycle pattern will create different SM capacitor
voltages and different output voltages. For an MMC consisting
of 12 SMs, there could be a total of 28 unique duty-cycle patterns,
of which 12 are meaningful duty-cycle patterns, which are shown
in Table II.

The relationship between the SM capacitor voltages and the
duty-cycle pattern can be determined as follows. At a certain
duty-cycle pattern under steady-state operating conditions, the
volt—second product across the arm inductors L, and Lj; in a
phase leg must be zero. Therefore, this yields

Voc
(a-100% + b 0% + ¢ - 50%) = 0.

*W*WZVDC*VCan
(13)

By rearranging (13), the average of the SM capacitor voltages
can be written as

Vb
a+0.5¢

Note that, when operating under steady-state conditions, the
voltages across all SMs are kept at Vigye. This is achieved
through a capacitor voltage balancing algorithm, which will be
discussed in the next section.

To understand the relationship between the output voltage
of the MMC and the duty-cycle pattern applied, consider the
example circuit shown in Fig. 1. Using phase-leg 1 upper arm
SMs as the reference, according to (8), the phase-leg 2 lower
arm SMs are in phase, while phase-leg 1 lower arm SMs and
phase-leg 2 upper arm SMs are 180° out of phase. As such, the
resultant output voltage v,,; is guaranteed to be a symmetrical
waveform, and v,; can be expressed by a, b, and cin a piecewise
periodic function

TG = VCavg = (14)

0 <t<0.5T4
Upi (t) :Upi(t + TSW) = 0.5T <t < T,
. sw > U SW -+

5)
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The amplitude of vy, is

C

—Vpc. 16
2a + ¢ be (16)

’U;n‘ =

An example of the proposed MMC regulating vy,; by applying
different duty-cycle patterns is shown in Fig. 7 to highlight the
operation of the digitized modulation. As visualized in Fig. 7(b),
when running duty-cycle pattern #1, all SMs are at 50% during
any switching cycle. At duty-cycle pattern #2, there are five
SMs operating at 50% D and one SM operating at 100% D in
each phase leg during a switching cycle. During time ¢; — ¢5 in
Fig. 7(c), the SMs with 100% D are within the lower arms in
both phase legs 1 and 2. This is demonstrated by the voltage level
114 V in vy; and v9;, which is contributed by the SMs at 100% D.
However, before ¢, the SMs at 100% D were in the upper arms
in each phase leg. The reason for the variation of which SMs are
operated at 100% D is due to the capacitor voltage balancing



2430

g “alculate the
2 Set power ¢ l.w 11} the
= required v, (11)
3 ¥
$ Calculate the duty-cycle ano.of bno.of cno.of
g:’ pattern (Table II and (16)) ‘ﬁ’/& f,ﬁ gf)&
¥ Dpawern=111...0...050.5..]
g Capacitor voltage balancing
% D[ DZ XX} D6 D./. D'\, eoe [)1‘7
S H
Q
= i
R oo 1 P angular
= i carrier
1
i
O ! .
> ’ SM, H SM, |eee SM“ ! | SM7‘ SMg |es¢| SM2 ‘
2 |
Phase | ¢——i——> Phase 2
Fig. 8. Open-loop controller for an MMC-based IPT system.

algorithm. It adjusts which SM will be operated at 100% D
during the next switching cycle to ensure that the voltages across
all SMs are approximately 114 V. At duty-cycle pattern #6, there
are three SMs operating at 50% D, two SMs operating at 100%
D, and one SM operating at 0% D in each phase leg. During
time t3 — t4 in Fig. 7(c), the 0% D SMs are in the lower arms in
each phase leg. After ¢4, the 0% D SMs are changed to the upper
arms. This is again a result of the capacitor voltage balancing
algorithm. The experimental waveforms in Fig. 7(c) match well
with the voltage levels shown in Table II, which verifies the
validity of controlling the MMC with the proposed digitized
modulation.

The digitized modulation allows for the MMC to generate
a controllable v,; amplitude at its output while ensuring it is
a perfect square wave. This scheme, therefore, ensures that
all the switching instances are always at the same point in
each switching period, which, in turn, allows all switches to
always operate under ZVS. This will be experimentally proved
in Section V.

B. Primary-Side Control

The previous section showed that vy; could be adjusted by
operating the MMC in different duty-cycle patterns. Therefore,
according to (11), the power transfer can be regulated using only
the primary-side control, which changes vy,; accordingly. Ateach
operating point, the required vj,; is calculated using (11), and
the corresponding duty-cycle pattern that is needed to achieve
this vj,; is determined using either Table II or (16). Once the
duty-cycle pattern is determined, the controller is programmed
to operate the SMs in this pattern using the open-loop control
shown in Fig. 8. The intention of this article is to propose a
new converter topology and a modulation scheme that can be
used to regulate the power flow and to maintain ZVS operation.
Therefore, the prototype employs an open-loop controller.

C. Capacitor Voltage Balancing

As is required for any MMC, the SM capacitor voltages need
to be controlled to be at the same or similar value. This is referred
to as capacitor voltage balancing. To further understand how
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Fig. 9. Example of SMs capacitor charging/discharging for (a) phase leg 1
and (b) phase leg 2.

different duty-cycles patterns will affect the charging and dis-
charging of the SM capacitors, an example of the SM capacitor
charging/discharging while using duty-cycle pattern #2 is shown
in Fig. 9.

The charging and discharging of the capacitor in an SM is
proportional to the integral of the SM current. Fig. 9 shows
that the SMs with 100% D will see a positive integral of the
SM current so that the capacitor will charge during this period.
This is indicated in red. On the other hand, the SMs with 50%
D will see a negative integral of the SM current, resulting in
the discharging of their capacitors, and is indicated in green.
Since the average current going through each SM is equal to the
dc source current divided by the number of phase legs, in this
particular design, the average SM current can be expressed by

.
2Voc

Therefore, during one switching period, the SM capacitor
voltage variation will be

Ism = Inc = (17)

Tow P

1
AVp = — sm(t)dt = —————
Ve ism(?) 2Vbe fswCsm

Csm Jo

(18)
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Fig. 10.  Capacitor voltage balancing block diagram.

As explained previously, the SMs operating at 100% D will
eventually be charged to full dc bus voltage, while the rest of the
SMs will be discharged to 0 V. Therefore, a capacitor voltage
balancing algorithm is employed, and a block diagram of this is
shown in Fig. 10.

The balancing algorithm executes at a frequency, fp, which
is lower than or equal to the switching frequency (fp < fow)-
Within each T (T's = 1/fp), the voltage across each SM
capacitor is sensed by an isolated voltage-sensing circuit, and
the ADC values are passed to the microcontroller. These ADC
values will be divided into four groups, phase-leg 1 upper arm,
phase-leg 1 lower arm, phase-leg 2 upper arm, and phase-leg
2 lower arm, to be processed by the algorithm. The algorithm
contains two parts, duty-cycle pattern assignment and per-arm
balancing, as depicted in Fig. 10.

In order to assign a duty-cycle pattern to each arm, the main
duty-cycle pattern will be divided as equally as possible into
two duty-cycle patterns: one for the upper arms and one for
the lower arms. The upper and lower arm duty-cycle patterns
can be interchanged according to the sum of their SM capacitor
voltages. For example, when #2 is selected as the main duty-
cycle pattern, the upper and lower arm duty-cycle patterns will
initially be [100% 50% 50%] and [50% 50% 50%]. As expected,
the upper arm voltages will increase because the 100% D SMs
are now in the upper arms. During the next balancing cycle, the
algorithm will swap the upper and lower arm duty-cycle patterns,
giving the lower arms a chance to charge their SM capacitors.

The second part of the balancing algorithm dictates per-arm
balancing. For an example shown in Fig. 10, [100% 50% 50%]
are assigned to the phase-leg 1 upper arm. The isolated ADC
sensing circuit would sense the capacitor voltage every 1p
period, and the values will be ranked from low to high. Within
these three SMs, the SM with the lowest voltage level (its ranked
index would be “1”’) would get assigned the 100% duty cycle
from the allowable duty-cycle values (in this case, the allowable
duty-cycle values are [100% 50% 50%]). The SMs with higher
voltages would get assigned to 50%. In Fig. 10(a), at ty, SM3
capacitor has the lowest voltage. Therefore, it would be assigned

2431

800 600 s 400 s 00 2004
114504V 114504V 114504V o0ov

504V
111133V 111133V 111133V 111133V 00V

Fig. 11.  Experimental results showing capacitor voltage balancing (capacitors
in SM1 and SM2 are probed).

100% D during ty — t; period because the SM with 100% D
will see a positive integral of the SM current in one switching
cycle, which means that SM3 capacitor will be charging in this
period. On the other hand, SM 1 and SM2 capacitors have higher
voltages. Therefore, they are assigned with 50% D, which means
that they will see a negative integral of the SM current. Thus,
their capacitors will be discharging. At ¢;, SM1-3 capacitors’
voltages are sensed again and ranked again; this time, SM2
has the lowest voltage. Thus, it will be assigned with 100%
duty cycle, while SM1 and SM3 will be assigned with 50%
D. Overall, the resultant waveform for the phase-leg 1 upper
arm will remain the same, and SM1-3 capacitor voltages will be
balanced.

By using the proposed balancing algorithm, the capacitor
voltage variations between all SMs can be maintained as

_ P
2VbocfBCsm

In the MMC prototype, the balancing algorithm execution fre-
quency is the same as the switching frequency. This ensures the
lowest possible voltage variation in the SM capacitor voltages.
Fig. 11 shows an example of the capacitor voltage balancing
in the experimental setup. During t; — to, SM1 is at 100% D,
which is shown in the yellow trace. As a result, C; voltage
increases, indicated by the blue trace. During t3 — t4, SM2 is
at 100% D, which is shown in the green trace. As a result,
(> voltage increases, indicated by the red trace. The capacitor
voltage ripples are measured at approximately 1.2—1.3 V, which
match closely with (19). The slight difference in their average
voltage values is due to the tolerances in the voltage-sensing
circuitry.

AVe 19)

D. Circulating Current Control

In traditional MMCs, the fundamental frequency of the out-
put current is usually 50 Hz/60 Hz for grid systems or a few
hundred hertz for drive systems [20], [21]. Because of the low
fundamental frequency components, the ac part of the circulating
current in (5) can become very large if vgif 1S not maintained at
a minimum. vgif 1S typically minimized by ensuring that there
is the same number of SMs inserted in any one phase leg at any
given time.
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Fig. 12.  Experimental circulating current for phase leg 1 when running duty-

cycle pattern #2 while transferring 7.7 kW.

As stated above, the fundamental frequency is kept typically
at 85 kHz in MMC-based IPT systems used for wireless EV
charging. The switching frequency is also kept at 85 kHz to
minimize the switching loss. As such, at this frequency, the ac
part of the circulating current will naturally be quite small, even
when there is no control to minimize vgi. Under the proposed
digitized modulation scheme, at any time during one switching
period, v, + vj; will be equal to Vpc, except for a few duty-
cycle patterns, such as #2, #4, #6, #7, #10, #11, and #12, where
vaiee Will be one SM capacitor voltage V> (14). In such cases,
the amplitude of the ac circulating current can be expressed by

4 1 1 v
et = T Lo+ 2M;u 2 % 85kHz ' C

Given the parameters of the system used in this article, the
worst possible circulating current occurs under duty-cycle pat-
tern #2 and is equal to 2 A (i.e., 1/340 pH/2/85 kHz x 114 V).
The experimental results for this scenario are shown in Fig. 12,
which verifies the accuracy of the mathematical expression.

(20)

V. EXPERIMENTAL RESULTS

A. Experimental Setup and Waveforms

A prototype of the MMC-based primary-side-controlled IPT
system shown in Fig. 1 was designed and built. The experimental
setup is shown in Fig. 13, and the system parameters are shown
in Table III. This design employs DD magnetic couplers on
both the primary and secondary sides, which were built ac-
cording to the SAE J2954 WPT2/Z2 recommended practice [2].
A demonstration video of the prototype system is available in
the online supplementary material.

To comply with the SAE J2954 WPT2/Z2 specifications, the
prototype is designed to maintain power transfer at 7.7 kW under
a vertical (Z) misalignment of 140-210 mm, a longitudinal
(X)) misalignment of 75 mm, and a lateral (Y') misalignment of
100 mm. The misalignment between the couplers in X, Y, and
Z directions is measured between the center of the secondary
DD coupler and the center of the stationary primary DD coupler.
The misalignment leads to variations in the coupling factor, k.
When the center of the secondary coupler is at (75,100,210)
with respect to the center of the primary coupler, the lowest & is
measured at 0.138, and this position is shown in Fig. 13. When
the secondary coupler is perfectly aligned with the primary and
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Fig. 13.  SAE J2954 WPT2/Z2 compliant experimental setup.

TABLE III
PARAMETERS OF THE MMC-BASED IPT SYSTEM

Description Symbol Value
MMC AC equivalent inductor Lpi & Rac 14.2 pH & 43 mS2
MMC DC equivalent inductor  Lympe & Rpe 340 pH & 16 mQ2
Primary parallel capacitor Cp & ESR 258 nF & 6 mQ2
Primary series capacitor Cip & ESR 70.9 nF & 22 mS)
Primary magnetic coupler Lyt & Rac 64.0 pH & 93 m$2
Secondary magnetic coupler Lst & Rac 18.3 pH & 24 mQ2
Secondary series capacitor Cis & ESR 423 nF & 3.6 mQ2
Secondary parallel capacitor Cs & ESR 348 nF & 4.5 mQ)
Per sub-module capacitor Csym & ESR 90 uF & 1.4 mS2
Output DC inductor Lpc & Rpc 480 puH & 40 m$2
Switching frequency fsw 85 kHz
Coupling factor k 0.138 - 0.31
DC input voltage Vbo 350 -450 V
Battery voltage Voatt 280 - 420 V
Power level P 7.7 kW
200V MOSFET part number S1 — Si2 IPP110N20N3
Diode part number - DSEI30-10A

is at its lowest Z position, i.e., (0,0,140), k reaches its highest
value, which is 0.31.

In this experimental setup, two Keysight oscilloscopes with
high-voltage differential probes and Hall-effect current probes
are used to capture critical waveforms. A Zimmer power ana-
lyzer is used to measure input power, output power, and dc—dc
efficiency. A Keysight power supply is used on the primary side
as the dc bus voltage source, and a Regatron electronic load is
used on the secondary side as the load battery.

The key waveforms of the MMC-based IPT system operat-
ing at the most extreme loading conditions when transferring
7.7-kW rated power are shown in Fig. 14. Fig. 14(a) depicts the
operation of the MMC when the secondary magnetic coupleris at
the most misaligned position (X = 75,Y = 100, Z = 210) and
the load battery voltage is the lowest at 280 V. At this operating
point, the MMC needs to generate v,,; with the highest amplitude
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Fig. 14.  Waveforms at two extreme cases when transferring 7.7 kW. (a) Most
misaligned position k = 0.138, 280 V' Vi, highest vp; required, and duty-
cycle pattern #1. (a) Most aligned position k = 0.31, 420 V Viu, lowest vp;
required, and duty-cycle pattern #6.

(vpi = 400 V) to ensure sufficient current in the primary
magnetic coupler. Therefore, the duty-cycle pattern applied in
this caseis #1. Fig. 14(b) depicts the operation of the MMC when
the secondary magnetic coupler is perfectly aligned (X = 0,
Y =0, Z = 140) and the load battery voltage is the highest at
420 V. At this operating point, the MMC needs to generate v,
with the lowest amplitude (v},; = 171 V) to reduce the current in
the primary magnetic coupler. Therefore, the duty-cycle pattern
applied in this case is #6.

B. ZVS Operations

ZVS is an important feature of the proposed MMC-based IPT
system. In these two extreme cases shown in Fig. 14, when the
top switch in an SM is turning ON, gy is negative. This means
that during the deadtime for this switching transition, the SM
current starts charging and discharging the output capacitance
Coss of the bottom switch and the top switch (consisting of
drain—source capacitor and gate—drain capacitor where Coyss =
Cys + Cya), respectively. Therefore, only the remaining current
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Fig. 15.  3-D plot to show the SM current at the switching instances and

to demonstrate the ZVS operating region for (a) top switches and (b) bottom
switches.

is passing through the bottom-switch channel, which would only
result in a small turn-OFF loss because the majority of the SM
current flows through the C, in part because the Si MOSFET has
a relatively large Cyss [24]. The bottom-switch channel current
decays to 0 A as the gate—source voltage decreases below the
threshold V'th, and now SM current igy; starts to flow through the
body diode of the top switch. The turn-ON gate signal is applied
to the top switch after its body diode starts conducting, resulting
in approximately O V across the top-switch drain—source at the
instance of turn-ON. Therefore, zero-voltage turn-ON for the top
switch is achieved.

Similarly, when the bottom switch is turning ON, igy 1S pos-
itive, indicating that the SM current flows through the bottom-
switch body diode, resulting in a ZVS turn-ON for the bottom
switch. Therefore, whether or not a switch is ZVS is determined
by the SM current direction and amplitude at the instance of
switching. For top-switch ZVS, the SM current needs to be pos-
itive (current entering the SM storage capacitor) at the transition
as the bottom switch turns OFF and the top switch turns ON. The
reciprocal is required for the bottom-switch ZVS, where the SM
needs to be negative (current leaving the SM storage capacitor) at
the transition as the top switch turns OFF and the bottom switch
turns ON. The amplitude of the SM current at the switching
instance to guarantee ZVS operation can be expressed as

|ISM(ZVS)‘ = Qoss * (CL + C) /Tdeudtime (21)
where the deadtime implemented in the experiment is 200 ns,
and the () of the MOSFET used (Infineon 200 V IPP110N20N3)
is 160 nC, and the (a + ¢) represents the number of inserted SMs
in a phase leg.

Using (21), a 3-D plot is generated in Fig. 15 to show the
operating region over which ZVS operation is guaranteed. The
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Fig. 16.  Circuit diagrams for (a) proposed MMC-based and (b) typical FB-
based IPT systems.

threshold plane for the SM current amplitude needed to guaran-
tee ZVS is also displayed. For the top switch, if the SM current
at the switching instance is above the threshold plane, the top
switch will achieve ZVS. Similarly, for the bottom switch, if
the SM current at the switching instance is below the threshold
plane, the bottom switch will achieve ZVS. Although the bottom
switches should theoretically have a smaller ZVS operation
range due to the per-phase dc current [25], the proposed system
has a rather large converter ac current (at least 22 A rms)
compared to the per-phase dc current (9.6 A); therefore, the
bottom switches still have a wide ZVS operation range. In
Fig. 15, we can see that from 3 to 7.7 kW, and from k£ = 0.1 to
0.3, the proposed MMC will have all switches operating under
ZVS condition. Because of this, low-cost 200-V Si MOSFETS can
be utilized to build the MMC prototype.

C. Loss Breakdown and Comparison to Existing Solutions

To demonstrate the advantages of the proposed MMC-based
IPT system, acomparison is made against a typical FB-based IPT
system. To make a fair comparison, the MMC and the FB-based
IPT systems had the exact same magnetics and compensation
networks, and the circuit diagrams are shown in Fig. 16. To
fairly consider the capabilities of the FB, the switches used in the
FB are state-of-the-art discrete SiC MOSFETs from Wolfspeed,
namely, C2M0025120D.

For each coupling position, the losses in each component of
the systems are detailed in Fig. 17. For the MMC-based system,
as the coupling increases, the MMC should adjust the duty-cycle
pattern to lower the output voltage and the primary coupler
current to regulate the power; thus, the primary coupler loss
reduces. However, as the MMC output voltage decreases, the
converter current increases to maintain the same power transfer,
resulting in higher losses in the switches and the arm inductors.
At 420-V battery voltage, the secondary magnetic coupler loss
increases due to a higher volt-amp in the secondary compensa-
tion network. The primary coupler loss reduces due to the lower
primary coupler volt-amp required, but the MMC losses increase
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Fig. 18. Experimental dc—dc efficiency of the proposed MMC-based IPT

system and a typical FB-based IPT system.

further due to the higher converter current. As both the coupling
and the battery voltage vary, there is an optimal operating point,
where the sum of the magnetic losses and the converter losses
will be minimal. This point is at £ = 0.21 and Vi = 280 V.
Note that since the proposed MMC is a primary-side-controlled
system, maximum efficiency tracking cannot be implemented.

For the FB-based system, since the compensation networks
and the secondary-side circuits are identical to the MMC-based
system, and the key waveforms such as i,;, i), and i are
also identical, the losses in these parts are considered to be the
same too. The only loss difference is the inverter loss. As the
modulation depth increases for the FB system, the duty-cycle
control results in the hard switching events for the SiC MOSFETs,
which significantly increases the switching loss. This extra
switching loss is indicated in the loss breakdown comparison in
Fig. 17.

The experimental dc—dc efficiency of the proposed MMC-
based IPT system was measured using a Zimmer power an-
alyzer and is shown in blue in Fig. 18. The efficiency stays
between 88% and 93% over the entire operating region specified
in SAE J2954 WPT?2/Z2 standard, which is high considering
only primary-side control is utilized, and the semiconductor
devices used are low-voltage low-cost Si MOSFETS rather than
expensive SiC modules. On the other hand, the FB-based sys-
tem suffers from higher switching loss; for the high coupling
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TABLE IV
COMPARISON BETWEEN THE PROPOSED MMC-BASED IPT SYSTEM WITH SIMILAR EXISTING IPT SYSTEMS

Company / University Year Frequency Air-gap Power Efficiency
Korea Advanced Institute of Science [26] 2010 20 kHz 120 mm 15 kW 83%
HEVO Power [27] 2014 85 kHz ~304.8 mm 1-10 kW >85%
Oak Ridge National Lab (ORNL) [28] 2015 22 kHz N/A 6.6kW 85.1%
RWTH Aachen University [11] 2015 35 kHz 100-170 mm 3 kW 92-96%
Southwest Jiaotong University [29] 2017 85 kHz 200 mm 10 kW 94%
University of Auckland (UoA) [30] 2017 85 kHz 100-140 mm 33 kW 91.8%
Brusa [31] 2020 N/A N/A 11 kW >90%
Witricity [32] 2021 85 kHz up to 210 mm 11 kW >90%
This paper 2021 85 kHz 140-210 mm 7.7 kW 90-93%
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positions and high battery voltages, the FB will be incapable
of transferring the rated 7.7 kW due to the thermal limit of
the devices (each device would experience >100 W loss). Note
that the conduction losses and switching losses of the 200-V Si
MOSFET IPP110N20N3 used in the MMC and the 1200-V SiC
MOSFET C2MO0025120D used in the FB are derived from the
manufacturer’s spice models.

In the extreme case where the coupling is the highest (k =
0.31) and the battery voltage is the highest (420 V), the MOSFET
loss and arm inductor loss reach a maximum. The thermal
performance at this operating point is captured in Fig. 19. It
can be seen that both the MOSFET and the inductor are operating
well within their thermal safe operating area.

A list of existing IPT systems at a similar power level is
compared with the proposed MMC-based IPT system, as shown
in Table IV. Key matrices for the IPT system, such as the
operating frequency, the air-gap of the system, the power level,
and the power transfer efficiency, are listed out. It can be seen
that the proposed system provides one of the widest operation
ranges while achieving good efficiency. It is also believed to
be the only system that utilizes Si MOSFETs. Note that some
commercial IPT systems do not reveal all the specifications,
some product-related information cannot be obtained, and they
are indicated by “N/A.”

VI. CONCLUSION

This article proposes an MMC-based IPT system suitable
for high-power wireless EV charging applications. The key

advantages of the proposed MMC include the integration tech-
nique between the arm inductors and the compensation network
inductors, and ZVS operation over a large operating range. The
operations of the proposed system, including the digitized modu-
lation scheme, are discussed in detail. A primary-side controller
is proposed, along with a capacitor voltage balancing algorithm.
Several otherissues associated with MMCs, such as arm inductor
design and circulating current suppression, are also discussed.
An SAE J2954 WPT2/Z2 compliant prototype has been built
to verify the validity of the proposed system and the digitized
modulation scheme. The MMC-based IPT prototype system is
able to transfer 7.7-kW rated power with a coupling variation
over 220% (from 0.138 to 0.31) and a load battery voltage
variation over 150% (from 280 to 420 V) while maintaining
88%—-93% efficiency, making it suitable for high-power wireless
EV charging applications.
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