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Abstract— In this study, a novel three-phase Oak Ridge ac
to ac converter is introduced for wireless mobility energy
storage system (WMESS) applications for grid support or
ancillary service applications. The proposed topology can be
used in bidirectional operation between ac grid and ac
terminals of energy storage (output of the ESS inverter) by
accomplishing unity power factor. Inherent merit of the
technology is that it can directly merge ac input 60 Hz grid
frequency with the high frequency by superimposing them
with the Oak Ridge Converter (ORC) and through the
wireless coils. Theoretical and simulation results are
provided for 10 kW output power. The functionality of the
proposed three-phase system is demonstrated with the
coupling coils separated by 6 inches of air gap with the input
/ output of 277 V,crms. The system overall design is
presented, and simulation results demonstrate achieving 3%
current total harmonic distortion (THD) and 0.99 power
factor (PF) at full load of 10 kW wireless power transfer.
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L INTRODUCTION

Due to their very fast response times, ESSs can be used for
several applications from grid support services to renewable
transportation applications [1]-[2].
Combining ESSs with renewable energy sources is one of the
most appealing methods to
integration with compensated intermittencies and reduced
fluctuations [3]-[4]. ESSs can also be used to provide grid
support and grid ancillary services [2]. Considerable amount of
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Fig. 1. A conventional energy storage system, ac and dc platforms with
integrated on-board bidirectional ac / dc and dc / dc conversions.
ESSs are required with the increasing number of solar and wind
farms to provide grid reliability and stability including grid
network delays, reactive power support, peak shaving, time of
use energy cost management, spinning or contingency reserves,
area or frequency regulation, transmission, or distribution
equipment upgrade deferral, etc. However, unpredictable output
variation and uncertain energy fluctuations of renewable sources
might impact to the grid operations if ESSs are not properly
managed. Integrated microgrid systems are proposed with
mobility ESSs to solve the mentioned complications in the
literature [5]-[6]. Wireless power transfer (WPT) has several
advantages compared to wired power systems, especially for
mobile ESSs [7]-[8]. During power outages or peak load time,
mobile ESSs becomes an extremely critical aspect of deploying
power to the affected sites. WPT-based connectivity provides
easy deployment, connection, reconfiguration, and relocation of
the ESS systems. It is more difficult to deploy the wired systems
as they get bulky as the power increases. They may require a
special type of connector or a plug system that may not be
available on the site at the time of deployment. WPT technology
offers flexible and rapid deployment and provides inherent
galvanic isolation which are the two critical components for use
in harsh environments and inclement weather conditions for
emergency power systems. With the elimination of physical
electrical contacts, bidirectional WPT is an attractive solution
for the back-and-forth energy transfer between grid and ESSs

[9]-[10].
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Fig. 2. The proposed ac/ac Oak Ridge Converter topology.

An industrial ESS typically consists of two different
connection terminals, ac and dc platforms in the system as
demonstrated in Fig. 1 [11]. A bidirectional ac / dc converter is
integrated as on-board to the ESSs, converting the ac energy to
dc for charging or inverting dc energy to ac grid; in two power
flow directions as shown in the figure. An ac/ac WPT system
can be integrated between ESSs and grid through coupling coils
with a single stage configuration. However, dc platform of WPT
requires minimum four power conversion stages as bi-
directional; ac/dc (or dc/ac) stage from grid (or to grid), dc/ac
(or ac/dc) high frequency inverter (or rectifier), ac/ac through
the coupling coils, and ac/dc (or dc/ac) rectifier (or high
frequency inverter) stage on the vehicle. Three-phase grid
connected power converters are used as a rectifier with power
factor correction or inverter for both power flow directions in ac
/ dc stage that provides unity power factor (PF) and low total
harmonic distortion (THD) to the grid. Very few studies on ac/ac
converter have been performed for WPT systems. A class-E type
ac/ac matrix converter is presented for WPT applications by
using field programmable gate array (FPGA) in [12]. Authors in
[13] proposed a single-phase ac/ac converter to create high
frequency current for CPT systems. However, the input current
THD of these systems is very high as shown from the
experimental results. It might be convenient to inject the power
to the load for a period of time, but the system may not be
suitable to run the system continuously; especially in grid
connected mode. Additionally, a single stage ac/ac converter is
demonstrated for WPT EV charging applications in [14] where
the on-board charger on the vehicle side was utilized for vehicle
integration with ac output on the WPT system.

In this paper, a novel three-phase Oak Ridge ac/ac converter
is proposed for mobile ESSs-grid connectivity application
which can be used for grid support or grid ancillary services as
well as customer side of the meter benefits. Due to inherent merit
of the invented topology, it is possible to convert the three-phase
ac grid frequency into high-frequency through three phase
coupler coils. The simple unique system ensures less complexity
on ac/ac power conversion in WPT applications, reducing the

overall system cost. The proposed three-phase converter is
driven by phase shifted gate signals between switching legs with
50% duty cycle. Gate signals for negative grid half cycles are
inverted versions of the gate signals used for positive grid half
cycle. The proposed solution improves the system PF and
reduces THD with constant operating frequency and front-end
filter considering similar studies. The system’s theoretical
analysis is provided, and state model is demonstrated in each
operating cycle. The system simulation analysis is presented at
10 kW output power with an input of 277 Vacrus from three
phase ac source and output of 277 V 5c rms. The proposed system
input current THD and power factor PF are 3% and 0.99,
respectively.

II.  THE PROPOSED OAK RIDGE CONVERTER AND SYSTEM
STATE ANALYSIS

The proposed three-phase ac/ac converter topology is shown
for the WMES in Fig. 2. It comprises a front-end filter,
bidirectional three phase active switches, a pair of three phase
coupling coils (or a closely coupled three phase transformer in
the case of a wired charger) with LCC resonant tuning
compensation, and far-end filter and three-phase ac interface to
the ESSs. The grid-side frequency and high frequency switching
are superimposed through the resonant compensation and
coupling coils and fundamental frequency of the energy is
transferred to the ESSs side with a 60 Hz sinusoidal carrier
signal.

This configuration also provides high frequency isolation
between low frequency ac to ac systems that might be used to
connect two isolated microgrids or ac systems together. Also,
this proposed architecture can be a good alternative to a dual
active bridge system that can be used to enable a high frequency
isolation through a transformer. This system can also be
adaptable to motor drive applications directly connected from
the grid.

The three-phase converter state and switch transitions are
presented the behavior of the proposed system in Fig. 3 and Fig.
4, respectively. To simplify the circuit analysis, front-end filter,



far-end filter, and three phase interface system losses are
assumed to be negligible, bi-directional active switches and gate
drive system are ideal and switching losses are not concerned.
Also, secondary side active switches are off-state and body
diodes are conducting. The proposed circuit system is analyzed
in the following operation modes.
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Fig. 3. Three phase voltage and current waveforms of the switches, and

decoupling capacitors.

Mode 1 [t,<t<t;]

The voltage and current waveforms of the active switches and
decoupling capacitors are shown during first interval in Fig. 3.
While the phase - A grid voltage is in positive half-cycle and
phase - B and phase - C are in negative half-cycle, the active
switches S, S;, and Ss are turned on-state and body diode of
switch Ss is on-state as demonstrated in Fig. 4.a. The coupling
capacitors C; is charged and C,, C; are discharged to the
resonant LCC compensation and front-end stage filter and grid
interface. The current flows through the second and third phase

(d)

Fig. 4. Mode analysis, current path, and switching transition.



series inductors Lp,, Lp; and returns from the first phase series
inductor Lp;. The parallel capacitor between second and third
phases Cp,, is charged and Cp,; and Cp,; are discharged through
the first phase series inductor Lp; and series capacitor Cg,;. In
this way, the series capacitor Cy,; is charged through the coupler
transformer. The current flows from phase - A winding L4 to the
phase - B and phase - C windings L, L¢ in coupler transformer
and series capacitors Cg,y, Cs,3 are discharged through the
parallel capacitors.

Mode 2 [t;<t<t,]

As stated in the second mode in Fig. 3, S,, S, and Sy are turned
on-state and body diodes of switches S;, S,, S5 are on-state. The
coupler capacitors C; and C, are charged and Cj is discharged
thorough front-end filter and grid interface and LCC resonant
tuning circuit as seen in Fig. 4.b. The current flows through
resonant tank series inductors Lpy, Lp;, and returns from the
series inductor Lp; and while, the parallel capacitors Cp,; and
Cpy3 are charged, Cp,; is discharged. The current flows through
the series capacitors and charges Cg,, and Cg,; and Cg,; is
discharged through the parallel capacitors and series inductor
Lp;. The current goes through the three-phase coupler
transformer phase - B winding Lp and phase - C winding L. and
returns from phase - A winding L, to the series capacitor Cg),.

Mode 3 [t;<t<t;]

The converter active switches S;, S;, and S are on-state, and
body diodes of S3, S, and S5 are conducting in this interval as
shown in Fig. 3. Similar to the previous mode, the coupler
capacitors C; and C, are charged and Cj; is discharged. The
resonant tank current flows through the first phase series
inductor Lp; to the parallel capacitors and returns to series
inductors Lp; and Lp;. While the parallel capacitors Cp,; and Cpy3
are charged and the parallel capacitor Cp,; is discharged. The
series capacitors Cg,, and Cs,; are charged and the first phase
series capacitor Cg,; is discharged to the parallel capacitors as
demonstrated in Fig. 4.c. The coupler coil current flows through
the phase - B winding L and phase - C winding L¢ and returns
from phase - A winding L, to the series capacitor Cs,;.

Mode 4 [t3<t<t4]

As described in Fig. 3, the converter active switches S;, S,
and Ss are on-state and body diodes of S5 and Ss are on-state in
this interval. The coupling capacitors C, and Cj are charged and
C; is discharged to the first phase series inductor Lp;. The
resonant tank current returns from the second and third phase
series inductors Lp;,, Lp; to the coupling capacitors and front-end
filter grid interface as presented in Fig. 4.d. The parallel
capacitor Cp,, is charged and the parallel capacitors Cp,; and
Cpy3 are discharged through the first phase series capacitor Cy,;.
In this way, the series capacitor Cg,; is charged to the three-
phase coupler transformer and the series capacitors Cg,, and Cgy3
are discharged to the parallel capacitors and the series inductors

Lp; and Lp;. The coupler coil current flows from phase - A
winding L, and returns to phase - B winding Lz and phase - C
winding L through the series capacitors Cs,; and Cs,;.

III. THE SYSTEM THEORETICAL ANALYSIS

The proposed CPT system model is considered as a three-
phase balanced system with phase-to-phase input voltages v,
Ve, Ve that can be represented with the maximum values in time
domain as,

Vap(t) = \/§Va,max5in (anﬁot + %) (D
De(t) = VBV marsin (2nf sot — %) @
Ucb(t) = \/gvc,maxSin (an60t + 5%[) (3)

where fs is the fundamental frequency of the grid voltage.
Furthermore, proposed system can achieve the unity power
factor and the input currents i,, i,, i, can be described with their
maximum values in time domain as,

la(t) = IgmaxSin(2mfeot) “4)
i5(8) = Ipmaxsin (2nf ot — %) 5)
i(t)= IemaxsSin (an60t + 2?7-[) (6)

In order to provide the unity power factor at the minimum
load condition, the coupling capacitors must be designed at the
maximum output power of the system. Power on each phase of
the system, p,, p», and p. can be defined considering the
decoupling capacitors’ charge and discharge energy within one
switching period as,

Pa(t) = %Cl (Va,maxSin (an60t + %))zfsw (7
py(t) = %CZ (Vb,maxSin (2”f60t - g))zfsw (®)

Pe(t) = 2C3(Vemarsin (2nf oot + %))Zfsw ©)

where f;,, is the operating frequency of the resonant system.
Considering the same value of the decoupling capacitors
C,/=C;=C,=C; and the maximum amplitude of the phase
voltages Vomaxr=Vama=Vomax=Vema» ~ the  total  input
instantaneous power can be given by sum of the phase input
powers as,

1
Pin(t) = Pa(t) + Po(t) + Pe(t) = 5CaV pmax

, , . 5
[sm2 (27rf60t + g) + sin? (27Tf60t - g) + sin? (2ﬂf60t + ?ﬂ)]
fsw (10)

The total input instantaneous power is equal to the proposed

three-phase balanced system that provides unity input power
factor through the wireless coupling coils and resonant



compensation to the output. The input power is obtained by
averaging p;,(t) over time as,

3
Pin= ZCdV%maxfsw (11

Since the three-phase output phase voltages are constant at
the constant output power and constant input maximum phase
voltages V.., the decoupling capacitor C; value can be
calculated by the average total output power Py,

4Po

Cd - 3V§maxfswrl (12)

where 7 is the proposed converter efficiency. The equivalent
circuit of the resonant system is demonstrated in Fig. 5.

Crpz Crz

Fig. 5. Equivalent circuit of the proposed converter with mutually coupled A
/ A three-phase coupler.

The average value of the equivalent input voltage
Ve=Vp=Vpy=Vp; and the resonant tank phase currents
Ip=Ip/=Ip,=Ip; can be written considering the balanced system
as,

1 w P
meax' Ip= 3an70nax (13)

Vp = ;
The equivalent inductance of mutual coupling three phase
delta / delta transformer Lp, Lg can be described in matrix form
as,
La  Map MCA] L [ Lp  Mpr Mpp
] s =

Lp=|Masp Lp Mpc Mpg Lg Mgr| (14)
ca Mpc L¢ Mpp Mgr Lp

where M p, Mpc, and M, are the mutual inductance of the
transmitter coil between phases L, and Lp, Lz and L, and L and
L,, respectively, and Mpp, Mgr, and Mpp are the mutual
inductance of the receiver side coil between phases Lp and Lg,
Lg and Lp, and Ly and Lp, respectively. The series resonant
tuning inductors Lp=Lp,;=Lp,;=Lp,; can be calculated as,

Lo Vomar 31 Ving
Ps T n@2nfa)lp — m22nfsw) Po

(15)

The delta connected parallel resonant tuning capacitors
Cp,=Cp,=Cp,7=Cpp3 and the series connected resonant tuning
capacitor values Cp=Cp;;/=Cp;;=Cpy; can be expressed by,

1
CPp = 3@nfotiee CPS = @afomyeip/3—Lpy) (10)

The proposed system is symmetrical and transmitter side is
identical to the receiver side. Thus, described voltage, current,
and component calculation functions can be described similarly
as in the receiver.

IV. SIMULATION RESULTS

The prominent parameters of the simulation are summarized
in Table I.

TABLE I - SIMULATED SYSTEM PARAMETERS

Symbol Parameter Value
Viac ac input voltage 277 Vacrms
Vo,ac ac output voltage 277 Vacryms

Po output power 10 kW
L; input filter inductor 1.2 mH
Cy decoupling capacitor 1 puF
Lps primary series inductor 4.27 uH
Cpy, primary parallel capacitor 255 nF
Cpy primary series capacitor 340 nF
Lp primary self-inductances 42 uH
Ly secondary self-inductances 42 uH
[ secondary series capacitance 340 nF
Cs, secondary parallel capacitance 255 nF
Lg, secondary series inductor 4.27 uH
k coupling co-efficient 0.15
feo grid frequency 60 Hz
fsw operating frequency 88.5 kHz
tdead dead time 600 ns

The simulation results of the proposed Oak Ridge Converter
are presented for a three-phase system at 10 kW, 277 Vacrums ac
input, and 277 V oc rms Output voltage as demonstrated in Fig. 6.
The three-phase coupler is designed for a coupling factor of 0.15
in the simulation. As seen from the simulation results in Fig. 6
(a) and (b), the input and output current THD is below 3% and
PF is around 0.99 for both input and output of the system. The
three-phase input voltage and current amplitudes are directly
transferred to the receiver side of the system in bidirectional
operation by unique converter merit over the grid frequency.

The phase-A resonant tank voltage and current waveforms
are given for both input and output resonant tank terminals in
Fig. 6 (c). As seen from the figures, the high frequency
waveform is superimposed with the grid frequency envelope by
the ORC and transferred to the output through the resonant
compensation and couplers. The phase angle of the envelope
grid frequency is shifted by 70° at the receiver side according to
the simulation results. Fig. 6 (d) shows the zoomed-in view of
the resonant tank voltages and currents on the primary and
secondary sides. The system operates at the resonant frequency
with third harmonic injected current waveforms from the
primary side. Additionally, receiver side switches are kept OFF



and behave as a rectifier through the freewheeling diodes as seen
from the figures.
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Fig. 6. Simulation results of the proposed system with grid to energy storage power flow: (a) grid side three-phase voltages, currents, and active & reactive
power, b) energy storage side three-phase voltages, currents, and active & reactive power, ¢) primary and secondary side resonant tank voltage & current
waveforms, d) zoomed-in view of primary and secondary side resonant tank voltage and current waveforms.

V. CONCLUSIONS

In this study, a novel Oak Ridge ac/ac converter topology is
presented for WMESS systems. The proposed topology can be
used for wired or wireless ESSs charging systems by using Oak
Ridge Converter that integrates the front-end PFC rectifier with
the high-frequency inverter. The state analysis of the proposed
idea is described by the switch state conditions, Theoretical

and output voltage and current waveforms are presented with
active and reactive powers. The three-phase grid voltage 277
Vacrums is transferred to the output with a voltage of 277
Vacrms at 10 kW power, 0.99 power factor and 3% current
THD. The resonant tank voltage and current waveforms are
shown with the hybrid high (88.5 kHz) and envelope grid (60
Hz) frequencies from the primary and secondary sides. It is
shown that the three-phase grid system at 60 Hz frequency can



be converted to high-frequency ac voltage by Oak Ridge
Converter and transferred through the resonant network and

(31

TABLE II

E. Asa, K. Colak, M. Bojarski, D. Czarkowski, “Asymmetrical duty-cycle
and phase-shift control of a novel multiport CLL resonant converter,”

Conventional Three Phase CPT

Proposed Oak Ridge Converter CPT

Grid + Filter + Three Phase PFC / Inverter +

Three Phase HF DC/AC Inverter + Three
Phase Coupler Transformer + Three Phase
Rectifier / HF DC/AC Inverter + Battery

Grid + Filter + Oak Ridge Inverter DC/AC +
Three Phase Coupler Transformer +
Rectifier / Oak Ridge Inverter DC/AC + On-
board Energy Storage Charger + Battery

FET 18
Inductor PFC 3
PFC Ind. & Cap. 2
Design Stage 2

12
0
0
1

couplers to the energy storage system input ac terminals. With
the proposed ORC technology, the front-end PFC rectifier stage
can be eliminated while maintaining near unity power factor
(0.99) and low total harmonic distortions (3%) which are
compliant by the grid power quality standards.

The comparison of the proposed Oak Ridge Converter with
the conventional three-phase system is presented in Table II. As
seen from the table, the proposed system can reduce the number
of components and as a result, it reduces the weight, volume,
and cost of the system while maintaining the same functionality.
Moreover, the proposed approach reduces the number of power
conversion stages to be designed; therefore, it reduces the time
and effort that needs to be dedicated to design and fabrication of
the converter. Furthermore, the proposed converter eliminates
the phase inductors and bulk dc bus capacitors in the
conventional PFC designs.
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