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Integration of Inductively Coupled Power Transfer
and Hybrid Energy Storage System: A Multiport
Power Electronics Interface for Battery-Powered

Electric Vehicles

Matthew McDonough, Member, IEEE

Abstract—Detailed in this paper is a multiport power electronics
interface which serves as an energy router for on-board electric
and plug-in hybrid electric vehicles with inductively coupled power
transfer (ICPT) and hybrid energy storage systems (HESS). The
existing body of literature on HESSs lacks a unified controller
and modular, flexible structure as well as integration of ICPT. In
battery/ultracapacitor systems, this leads to piece-meal control of
sources resulting in battery currents which are not fully decoupled
from high-frequency/high-magnitude current and ultra-capacitor
(UC) state of charge (SoC) not being properly controlled. A central
controller is proposed in this paper which completely decouples the
battery from both high-frequency and high-magnitude current,
controls the SoC of the UCs, and models the SoC of the UCs in
the stability analysis of the system. This system is particularly
useful for online charging of HEVs in highway-type applications
where ICPT pulse charging will be present. Solving the challenges
of pulse charging will bring ICPT technology one step closer to
widespread integration which has the potential to greatly reduce
societies’ dependence on fossil fuel. Simulation and experimental
results verify the feasibility of the proposed techniques.

Index Terms—Hybrid energy storage system (HESS), induc-
tively coupled power transfer (ICPT), multiport power electronics,
wireless power transfer (WPT).

1. INTRODUCTION

HERE exists a growing focus on the reduction of fossil
fuel usage due to concerns about pollution, geopolitical
conflicts, and climate change. Transportation accounts for 28%
of the energy usage in the United States [1] and that fuel is
almost exclusively derived from fossil fuel. The introduction of
electric vehicles (EVs) and hybrid electric vehicles (HEVs) has
the potential to reduce the consumption of fossil fuel and their
adverse effects [2]. However, range anxiety and high cost of
batteries are preventing the battery powered EVs (BEVs) from
dominating the market place.
In order to solve these challenges, there has been much focus
on battery technology. Work is under way to produce batteries
which have larger capacity per unit weight/volume, the ability
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to discharge more quickly, and estimate state of charge (SoC)
more accurately [3]-[5]. Quick charging of these batteries is
also a growing area of research [6]—[8]. It is thought that if a
consumer can charge the vehicle as quickly as one can fill up
a gas tank, then the range anxiety will diminish. All of these
technologies are critical for improving the range of the BEV;
however, to become par with combustion vehicles, the specific
energy storage will have to increase by at least an order of
magnitude and the charging time will need to drop to 5—10 min.

It is with these boundary conditions that the idea of charging
while driving using inductively coupled power transfer (ICPT)
has been proposed [9]-[12]. ICPT is a method with which to
transfer power across a physical gap between a primary and a
secondary resonating coil. The primary side inverter will inject
an alternating current to the primary side winding, typically af-
ter creating a resonating tank using capacitors and sometimes
additional inductors. A portion of the AC electro-magnetic field
(EMF) created by the primary transmitter will pass through the
coil of the secondary side receiver which also typically has a
resonating tank. This results in an ac voltage due to Faraday’s
law, which is processed by the secondary side power electronics
and applied to the load. ICPT technology is maturing for sta-
tionary applications with start-up companies producing add-on
components for BEVs [13], [14].

When ICPT is applied in a moving arena, new challenges
arise. Particularly, pulse charging (which is a result of charging
in motion with ICPT) of batteries is detrimental to the lifespan of
the batteries. While the concept of pulse charging while driving
has many benefits, it also puts a large burden on the power
electronics and the on-board battery. It has been shown that high-
magnitude and high-frequency currents imposed on the battery
will reduce the battery life [15]-[19]. For similar applications,
hybrid energy storage systems (HESS) have been proposed by
many authors [20]-[29]. HESS have at least two sources of
energy storage. Usually one has higher specific power and one
has higher specific energy. Typical HESS combinations are:
battery, ultra-capacitor (UC); fuel-cell, battery; fuel-cell, UC;
and many other combinations.

A battery, UC HESS was developed for automotive systems
in [17] which uses a heuristic saturation algorithm to keep the
battery current below a preset maximum. This method limits
the peak currents on the battery in the experimental results
given. This provides a practical solution to keep the battery
current below a desired threshold. However, stability cannot be
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guaranteed with this nonlinear method of control. Additionally,
a separate controller will have to be added to keep the UCs within
areasonable range, otherwise the proposed control strategy will
eventually discharge the UCs. Also, the battery is still exposed
to high-frequency current components.

In [30] (battery, UC system), the measured battery current
was used as a reference for the UC controller. Average current
and peak current from the battery is reduced in this applica-
tion. High-frequency and high-magnitude currents can still be
present at the battery terminal, though. This is because the bat-
tery current controller is directly responsible for maintaining the
dc bus and the UC current controller will not begin to aid until
the current magnitude exceeds a predefined set point. Similar
to the previous work, an additional controller is necessary to
maintain the UC SoC.

A combustion engine, battery, UC system is described in [21].
In this paper, the lowest frequency power is derived from the
combustion engine, the midband power is taken from the battery,
and the high-frequency components come from the UC. In this
paper, the effects of such a power split system is studied. In
[31], the same authors have results from a battery, UC system
which shows part of the power coming from the battery and part
from the UCs. The magnitude of the battery current is greatly
reduced, but the high-frequency response is still present.

Finally, Ortuzar et al.[32] shows a full power battery, UC
HESS integrated into an electric vehicle. This system uses the
UC SoC as a fundamental part of the control by varying the
desired SoC based on the speed of the vehicle. Similar to other
methods though, the UCs are only used to reduce the peak
demand on the batteries. Therefore, there is unnecessary power
cycling in the batteries with high frequency which will degrade
the batteries faster.

While this is not an exhaustive compilation of HESS research,
there is a noticeable gap in the research. First, the SoC of the UC
should be included in the closed loop control system. Second,
the battery should not be exposed to excessive charge/discharge
cycles, especially due to high-frequency current requirements of
the dc bus. Third, these systems are generally three port systems:
battery, UC, load. A modeling approach for an arbitrary n-port
system is desirable. Finally, ICPT should be added to the HESS
to determine its effect on the system. It is the objective of this
paper to fill that gap by providing a modeling technique for mul-
tiport converters which is both modular, expandable, and fully
decouples the high-magnitude/high-frequency current compo-
nents from the battery while also easily adapting to unique inputs
such as ICPT.

In Section II, ICPT’s role in the proposed multiport converter
is discussed and the key objectives of this paper are described.
In Section III, the approach to modeling a multiport converter
with closed loop controllers is presented. Simulation results are
presented in Section IV and experimental results are presented
in Section V. A final discussion of the system and results is
given in Section VL.

II. INTRODUCTION TO MPEI AND ICPT

Multiport power electronics interface (MPEI) is a concept that
is ideally suited for BEV applications, especially applications
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which include HESSs and ICPT systems. MPEI is a structure
which uses a unified controller to control multiple converters
which typically share a common dc bus. With this concept,
the current of each source can be manipulated independently.
This allows the integration of a wide range of optimization
criteria such as efficiency, reliability, and cost of operation;
among others. Applications of MPEI are described for stationary
vehicle charging in [10]; microgrids in [33], [34]; and BEVs in
[10], [35].

In order to charge a vehicle while it is in transit, there are
two separate scenarios which might occur. At any given time,
the vehicle will likely either be stopped (at red lights, stop
signs, etc.) or moving at a high rate of speed (i.e., highway
applications or in-between stops). In [10], it is shown that the
battery pack of a commercially available BEV could be reduced
by 66% by charging at moderate (20 kW) levels at stand still in
urban environments. This resulted in a 13% reduction of vehicle
weight and indefinite extension in driving range (however this
is only for urban environments). This results in a substantial
reduction in cost of a BEV. In [36], this idea was extended to
the highway environment. It was shown that with peak charging
levels of 60 kW, a series of 1-m-wide square transmitter pads
could pulse charge the BEV to provide continuous motion for a
light vehicle traveling at 60 mph. In this study, there were two
meters separating each coil on the highway system.

In this application of MPEI, ICPT is the primary source of
energy into the system. The addition of ICPT to the multiport
converter is the key which will allow continuous transportation
in a BEV with minimal on-board energy storage in either urban
or high speed environments. Additionally, the philosophy of the
unified controller in MPEI provides a unique ability to control
the power flow within the MPEL. This is critical for maintaining
the SoC of the UCs and the battery while continuously providing
power to the load. The topology for MPEI coupled with ICPT
and a HESS is given in Fig. 1, where the MPEI is primarily
made of a series of bidirectional single-legged switching dc—dc
converters.

III. SYSTEM MODELING
A. Modeling a Single DC-DC Converter

A single-legged switching dc—dc converter can be modeled
using the generalized averaged model proposed in [37]. With
this technique, the state space model of the dc—dc converter is
given as

I =

X(vadc_‘/c)

V.

A~ =

x (I — 1) )]
Here, I;, L, D, Vy., V., C, and I, are the inductor current,
inductance, top switch duty cycle, dc bus voltage, output termi-
nal capacitor voltage, capacitance, and output terminal current,
respectively.

With the state space model of the switching converter, a con-
troller can be added to stabilize the system. In this application,
cascaded PI controllers of the type shown in Fig. 2 are used;
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however, the modeling approach is valid for any manner of 1
linear controller. Al = L {(=AVineasJkpy kpr + Alikpr
The state space average model for the cascaded PI controllers A -
— AUy k AV Ve — AV,
of Fig. 2 is given in (2) where the output of the system is the v Apl o Vi !
duty cycle given as + AV, U}
Uy = (Viweas — Vet )ipy iy AV, = (AL - AL) )
Ur = [(Viet = Vineas)kpv — Wy + L]kprki (2)
! 1 Jepy v kpikis At this point, it becomes beneficial to stabilize the individual
D = [(Viet = Vineas)kpv — Vv + Llkpr + %1, (3)  converters by choosing kp and ki gains for individual converters.

By combining (1)—(3), the state space model of one dc—dc con-
verter can be obtained which is given as

\i/V = (Vmeas - V;'ef)kpvkiv
\PI = [(V;'ef - ‘/meas)ka +1 - \Ilv]kpjki]
. 1
I, = Z{[(V'ref — Vmeas)kp‘/ kpr + Iikpr
— \I/Vkp[ + \I/I]‘/d(: - V;}
. 1
V.= —(; - 1,). 4
C( z ) 4)

Finally, this model can be split into the small signal model and
the large signal components. In small signal modeling, the com-
mon practice of neglecting any A? value is utilized to linearize
the system. Also, the system is assumed to be in steady-state
operation. The resulting set of state space equations is given as

A\PV = (Avmcas)kakiV
A\P[ = [(_A‘/;neas)kp‘/ + AIZ - A\IIV]kakZI

The results are shown in Section I'V.

B. DC Bus Interaction

The interaction between each dc—dc converters appears on
the dc bus and so another differential equation must be derived
for the dc bus capacitor voltage. This equation is shown in (6),
where D,, and I, represent the duty cycle and current of the nth
dc—dc converter

1
_Cdc

If the small signal analysis of the previous section is employed
on this equation, (6) becomes

Vae (6)

(D11} — Dyly — D3l3 +--].

m

Z{[(_A‘/;neasm)k’pv,n kp[,n

n=0

1
Cd c

AVd(: =

+AIZ,7Lka.’VL - A‘I’V,nkpl,n + A\I/I,n]fl,n

+¢/I,71AII,71 +\ill,njl,n}- (7)
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Fig. 3. Battery/ultra-capacitor controller.

Note that the last term in (7) does not include any small signal

components. This term will disappear however because it repre-

sents the sum of the steady-state currents on the capacitor node.

For the system to be in a steady-state condition, the sum of the

steady-state currents on the capacitor must be equal to zero, or
m

in other words, Y ] I,HIAM = 0. This condition will be forced

n=0
by the dc bus controller.

C. Battery-UC System

Since the system modeling technique is completed, the only
step left is to assign Vj,c.s and Vi to each cascaded PI con-
troller. I, 1S always the measured inductor current for the
switching leg in which the output of the controller (which is the
duty cycle) is applied and I, is always the output of the voltage
controller for that particular converter. Since the UC has much
better charge/discharge efficiency than the battery and since it
has the ability to withstand more frequent charge/discharge cy-
cles then the battery, it is appropriate to have the UC control
the dc bus. Therefore, Vi, cas and Vier in the UC controller are
the measured dc bus voltage and the reference dc bus voltage,
respectively.

Since the batteries’ main function is to provide the low-
frequency power, a low-pass filtered version of the UC current
seems to be an appropriate current reference for the battery. If
Vineas and Vi for the battery is the measured UC voltage and
desired UC voltage then a single controller can both provide the
low-frequency power requirements for the load and maintain
the UC SoC. This control diagram is shown in Fig. 3.

D. ICPT Terminal

The next step is to add the ICPT terminal. The resonant fre-
quency of the ICPT terminal is typically higher than the switch-
ing frequency of the dc—dc converters. In this application, the
resonant frequency is five times the switching frequency of the
dc—dc converters. Additionally, the dynamics of the ICPT sys-
tem (i.e., the ring-up from zero current to maximum current
resonating in the secondary coil, for example) is faster than the
controller’s bandwidth. Therefore, after rectification, a filter will

BRC SN 2§
Sk 3 o3 :
2 X &

Fig. 4. ICPT terminal topology.

have to be added to reduce the bandwidth of the ICPT terminal.
The filter is placed around the point labeled V.5 in Fig. 4. As
the bandwidth of the ICPT terminal is so high and the nature
of the charge-while-driving scenario is pulse charging, a step
input is an appropriate way to model the current from the ICPT
terminal.

In the ICPT system, the output voltage (labeled Vj,cas in
Fig. 4) is critical for efficiency and maximum power transfer
of the ICPT system. If ICPT primary is transferring power to
the secondary, the voltage of that terminal will tend to rise.
The controller will be used to keep that terminal at the desired
voltage thus drawing power into the MPEIL. V], ¢.5 for the ICPT
terminal is labeled in Fig. 4 and V¢ is the desired reference
voltage for this point. That will most likely be the voltage which
has the highest efficiency for the given topology.

E. Load Terminal

The load terminal for an EV will typically be a multiphase
motor. A three-phase model has been added into an MPEI as
shown in [33]. For simplicity, the load in this case is a dc resistive
load. Therefore, similar to the ICPT terminal, Vi, c.s and Vier
are the measured load voltage and reference load voltage.

F. Additional Terminals

Additional terminals can be added as well. Most terminals
which act primarily as a load or which will harvest energy
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TABLE I

ON-BOARD BEV MPEI CONTROLLER GAINS AND DOMINANT POLE

Controller kpv kiy kp1 ki Dominant Pole
UCs 0.5 400 —10 —1500 —518.5
Battery 2.5 0.80 -10 —1500 —0.800
Load —0.4 —35.7 —10 —2000 —36.43
ICPT —0.4 —35.7 —10 —2000 —36.43

0.366 mH

T

Cascaded battery-UC system with dc bus load.

| [ 41 088

OO,

Alpc  |loc

uc |,

Fig. 5.

TABLE II
POLE LOCATIONS FOR CASCADED BATTERY-UC SYSTEM

DC Bus Load Current

Pole # 1 A (300 W) 8 A (2.4 kW)
Poles

1 —82x10° —8.2x10°

2 —3.4x10° —3.4x10°

3& 4 —1.5%x10° —1.5x10°

5&6 —111+ 2745 —124 +268;

7&8  —0204053;  —0.2040.53;

whenever it is available (like the ICPT terminal) will most likely
use the terminal voltage as the feedback. If additional energy
storage terminals are added, a cascaded series of controllers can
be used. For example, a Fuel cell’s voltage controller might use
the battery terminal voltage as the feedback, while the battery
voltage controller uses the UC voltage as the feedback and the
UC controller uses the dc bus voltage as the feedback.

IV. MODELING AND SIMULATION RESULTS

In order to verify the validity of the theoretical modeling
and stability of the overall system, results from model simula-
tion using MATLAB and the circuit simulation using PLECS is
included in this section.

A. Single DC-DC Converter Modeling Results

Each dc—dc controller was modeled using the method devel-
oped in Section III-A. For individual controller modeling, the
dc bus was considered fixed and the current direction was as-
sumed to be flowing to the source/sink. Therefore, the converter
was modeled in a buck-type operation. The values of the con-
trol parameters, kp and ki, and the dominant poles are given in
Table I. The system is considered stable if all the poles are in
the left-half plane of the s-domain which was the case for each
dc—dc converter.
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TABLE III

POLE LOCATIONS FOR ON-BOARD MPEI SYSTEM

The system is now governed by the system of equations

iload = 4 iload = 32 iload = 4 Tload = 32
Pole # Giept = 1.5 Ziept = 1.5 Giept = 12 diepe = 12
Poles
1 —8.3x10° —83x10%  —-83x10° —83x10°
2 —8.2x 10 —8.2x 10 —82x10° —8.2x10°
3 —3.4x10° —3.4x10° —3.4x10° —3.4x10°
4 —3.0x10° —3.0x10%  —3.0x10° —3.0x10°
5&6 —2.0x103 —2.0x103 —2.0x10% —2.0x103
7& 8 —1.8x10?% —1.8x10° —-1.8x10% —1.8x10%
8 & 10 —1.5x10° —1.5%x10% —15x10° —15x10%
11& 12 —109 —109 —109 —109
+274; +2745 +2745 +274j
13& 14 —36.4 —36.4 —36.4 —36.4
15& 16 —0.202 + —0.202 + —0.202 + —0.202 +
0.532j 0.532j 0.532j 0.532j

B. Battery-UC Modeling Results

The battery-UC system was modeled according to the proce-
dure in Section III-C. In order to model the Battery-UC system
to ensure that the system is stable and that the battery does not
have any high-frequency components, a load was added to the
dc bus. The load is shown in Fig. 5 (labeled as fDC and Alpc).

T = Ax + Bu
y= Cx (®)
where, x, B, and u are
r = WJH a1 x31 Ty1 Y12 Yoz T30 Udc}/ 9
1 /
B=1{0 0 00O OO0 0 — (10)
Cdc
u = [zd(] (11

Ais presented in (16) in the Appendix. In these equations, the A
notation has been removed for convenience and any state vari-
able is a small signal variable unless notated with the " symbol.
The poles for the Battery-UC only system are shown in Table II.

Since all the poles are on the left-half plane, the system is
stable. In order to test the stability of the system further, the
transient step response is shown in Fig. 6 (note the load is the
current source Ipc shown in Fig. 5). Fig. 6(a) shows the small
signal dc bus voltage fluctuation. Fig. 6(b) shows the battery
current transient response. Note that the response time is on
the order of seconds. Fig. 6(c) shows the UC current response
and Fig. 6(d) shows the zoomed in view of the UC current to
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highlight that the UC is providing the high-frequency response
to the step change in the load current.

C. Complete Converter Modeling Results

Following the same procedure as Section IV-B, the control
system of the entire BEV MPEI can be constructed. The control
system is depicted in Fig. 7 and described in state space in

= Ax+ Bu (12)
A A
- (13)
Aoy Ag
r= [P Yo T3 xa1 Y12 Yo2 T3z Vae P13
o3 T3z Taz Y14 Yo Tzs Taa) (14)
—1
B = {O 00 0 0 0 0 0 0 00
Cloa‘(l
17
0 0 0 15
prt:| ( )

where Aj1-Ayy are given in the Appendix (17)—(20).

The poles of the system under various loading conditions are
given in Table III. The poles of the system remain in the left-
half plane and so the system remains stable even under widely
varying operating conditions.

The step response to a two ampere step in ICPT current is
given in Fig. 8. Similar to the Battery-UC case, the dc bus
disturbance is minimal. Also, the UC responds on the order of
10 ms to bring the dc bus back into regulation while the battery
current reaches maximum at around 7 s.

V. EXPERIMENTAL RESULTS

An MPEI has been constructed with battery, UC, ICPT, and
load terminals as shown in Fig. 9. The system has connection
to an UC bank which has 9, 58-F, 16-V rated UC packs for a
total of 6.44 F at 144 V when connected in series. The total
energy capacity of the UC string is 18.5 Wh. The MPEI also
has connection to 10, 12-V SLA batteries connected in series
for a rated voltage of 120 V and a float voltage of up to 150
V. The total energy capacity is 2.16 kWh. The load consists of
up to 15, 300-W light bulbs. Since the light bulbs are (almost)
purely resistive, the power consumed by the load can be either
adjusted in control by changing the output voltage reference or
manually by adding or removing bulbs from the circuit. The
ICPT system consists of two air core transceivers. The coupling
factor is approximately 20%. The inner diameter of the concen-
tration wound coils is 12 in and the air gap is 4 in. Each coil
has 12 turns of two 13 AWG equivalent litz wires in parallel.
The primary and secondary side inductance is 68 ©H and the
series compensation technique is used for both the primary and
secondary sides (so the system is in a series—series configura-
tion). TI’s TMS320F28335 controlCARD is used to control the
system. In this system, there are eight PWMs required and if the
ICPT system was designed to be bidirectional, 12 PWMs would
be necessary; which is the limit for this DSC. The switching
frequency is 20 kHz. The primary side inverter is a simple full
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Fig.8. Smallsignal model and simulation response to two ampere step in ICPT
current. (a) Modeled DC bus voltage; (b) Modeled UC current; (¢c) Modeled
battery current.

bridge inverter which is connected to a dc power supply and
generates a square wave ac voltage waveform which is applied
to the resonant circuit at the resonance frequency.

The ICPT was tested at various power levels as shown in
Table IV. The efficiency was as high as 90% from dc input to
dc output. When measuring efficiency the secondary side was
rectified and applied directly to the light bulb resistors without
any voltage regulation. A metal plate was added to examine the
sensitivity of the system to foreign objects. The metal plate was
3.5 in from the primary transmitter and the efficiency dropped
by only 3%. Transformer waveforms with the output rectified
and filtered are given in Fig. 10. The resonant frequency is
100 kHz.
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Experimental testbed: ICPT capable MPEI system.

Fig. 9.

TABLE IV
EXPERIMENTAL EFFICIENCY OF ICPT

Power Condition DC Resistance  Efficiency
700 W NA 7.23 64%
1100 W NA 8.35 80%
1350 W NA 11.75 86%
1500 W NA 16.98 90%
1500 W Metal Plate 17.55 87%

& 00 ) ][1U.Uus 2.5065/5 ® ][24 Det 2 14]
@ o0V & no0A O (1 R 1M points 142V 08: 27: 22
Fig. 10. Resonant transformer waveforms: Dark blue-Primary side voltage;

Light blue- Primary side current; Magenta- Secondary side voltage; Green-
Secondary side current.

One problem found with using light bulbs as a load is that the
resistance changes significantly with the temperature of the light
bulbs. Fig. 11 shows the response of the system when 160 W
load is added to the system. It is apparent that the load is much
larger at the instant of turn ON, so the load is actually quite
harsher than a step function. In this test, the dc bus fluctuation
was only 2.5 V (0.8% of the steady-state dc bus voltage). The
key point to recognize is that the UC takes the high-frequency
components by responding quickly to the load change, while
the battery responds much slower without high-frequency com-
ponents. Fig. 12 shows this more clearly when the negative step
response is used by removing a 160 W load rather than adding
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Fig. 11.  Positive load current step response.
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Fig. 12.  Negative load current step response.

it. It is clear that the UCs respond much faster than the battery
system (within 20 ms) and that the dc bus has little notification
of the change of load.

While it is important to protect the batteries from high-
frequency and high-magnitude currents coming from the load,
it is even more important to protect the batteries from high-
frequency and high-magnitude charging currents coming from
the ICPT system. In a highway application, one can assume that
the ICPT will be providing “pulse” power in short bursts. There-
fore, the system will have many step inputs from the rising and
falling edges of the pulse of power. Fig. 13 shows the response
of the MPEI when the ICPT is suddenly turned ON. Similar to
the load transient response, there is a transient appearing on the
dc bus and the UC quickly takes the power; however, the battery
current adjusts slowly over time.

Fig. 14 shows that over time with pulse charging the battery
will begin to charge as the UC voltage rises above the reference
voltage.

The loss of a source or load terminal is one key feature which
was tested to show the utility of an MPEI-based system. Fig. 15
shows the transient response when there is a sudden loss of the
battery converter. At ¢ ~16 ms, the battery current is interrupted
by a dc circuit breaker. The dc bus undergoes a fluctuation of
approximately 5 V (1.7% of the steady-state dc bus voltage).
The UC quickly begins to provide power for the load. They key
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Fig. 13.  DC bus transient due to ICPT pulse charging.
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Fig. 15. Safety experiment: Loss of Battery.

point though is that the load terminal has no observable voltage
or current fluctuations.

VI. CONCLUSION

An MPEI-based EV HESS was designed which serves as
an energy router between various sources and sinks within an
automobile. In this particular application, ICPT was used as
the primary energy source. Meanwhile, batteries and UCs were
used to provide power to the load. The batteries provided the
low-frequency requirements, while the UCs provided the high-
frequency and high-magnitude power. This was done by using

R S P~ Wen, @ 7 Ei 99 a unique modeling and control approach that can be adapted
to systems with different characteristics. With the MPEI and
Fig. 14.  ICPT pulse energy routing. controller described, the UCs are responsible to maintaining
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the dc bus (and thus providing power to the load or absorbing ACKNOWLEDGMENT

power from the ICPT system) and the batteries are responsible
for maintaining the SoC of the UCs. In this way, the stability
of the entire system can be studied, including SoC of the UCs.
Stability can be ensured while also protecting the battery from
high-frequency and high-magnitude current. The ICPT terminal
is shown to be capable of 90+% efficiency from the dc bus of
the primary side inverter to the dc bus of the MPEI. Assuming
reasonable dc—dc converter efficiency, the efficiency from input
to load can be as high as 85% or better. This is a substantial
improvement over internal combustion vehicles and eliminates
the range anxiety of traditional BEVs.

APPENDIX
STATE SPACE EQUATIONS FOR MPEI

See equations (16) and (17) shown at the bottom of the pre-
vious page and equations (18), (19), and (20) shown at the top
of the page.

The author would like to thank Professor B. Fahimi for his
financial and intellectual support in this endeavor.
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