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The wireless charging for electric vehicle is getting popular due to the absence of sophisticated cable connection and associated
issues with the actuators in field for connected charging. The major challenges in inductive power transfer (IPT) systems are the
control of the resonance converter and synchronisation in communications with the vehicle and power supply. In IPT system, the
dynamic nature of load as well as system demands extra care for the existing charging architectures. This work proposes a unique
control algorithm to charge the Li-ion battery under coupling coefficient and load variations. The developed control algorithm is
validated in MATLAB simscape platform. Further, the control logic is validated using the Texas C2000 Delfino controller in 1 kW
IPT system. The developed control logic would ensure proper frequency of operation as well as the constant voltage and constant
current control.

1. Introduction

Research in the electric vehicle (EV) has reverberated in
recent decades. EVs are one of the permanent transport solu-
tions for the existing greenhouse emissions. In the world land
speed record, EV exceeds 1mile per minute speed during
1899 [1]. The popularity of EVs is increasing day by day
replacing the conventional internal combustion (IC) engines
used for transportation. The IC engines are less efficient than
an electric motor [2]. The fuel economy improvement and
reduction of emission were other challenges faced. EV/PHEV
vehicles use the battery as a storage device in the system [3].

The schematic of the electric vehicle is portrayed in Figure 1.
The electric vehicle comprises of electric motor, inverter mod-
ule, converter module, battery pack, charging unit, battery man-
agement and monitor unit, electronic control unit (ECU),
control area network (CAN), etc. [4]. The electric motors such
as induction motor, permanent magnet synchronous motor,
brushless DC motors are used in EVs. The high-voltage battery
bed inside the vehicle is used to power the motor and inverter
module. In addition, there will be an auxiliary battery to power
the infotainment and the control circuit. The cost of power
converters, controllers make the vehicle more expensive than a
conventional one. As research progress in this field would result
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FiGure 1: Electric vehicle system.

in a reduction of the cost. The battery of the vehicle is charged
from different sources. The available ac supply can be directly fed
into the internal on-board charger deployed inside the vehicle. In
case of fast charging, high-voltage DC supply is directly fed into
the internal integrated DC-DC converter. The chargers are con-
nected to the battery through the power distribution unit (PDU).

The increase in the use of EVs created a huge demand for
charging stations [5]. More EVs in the future will increase
the demand for the grid. This can be contributed by sustain-
able energy resources. The integrated-on board charger
inside the vehicle communicates with the external electric
vehicle supply equipment (EVSE) system through control
pilot for hand shaking. Thereafter, the power is drawn from
the source through EVSE. The major constraint of the electric
vehicle is the charging limitations. The availability of power
and opportunity of charging are the two key features that
decide the range of vehicles over a single charge [6, 7]. The
vehicle is charged through connected cables. However, the
sophisticated cable reduces the ease of access to the charging
ports. There is more probability to get an electric shock from
the high-voltage supply from the broken cables. SAE J1772
standards are recommended for wired charging applica-
tions [8].

The sophisticated wired connectors limit the freedom of
an object to be powered [9]. The time-varying supply pro-
duces time-varying electromagnetic field across space. The

load available at the receiving end gets the power from the
secondary receiver [10, 11]. This will increase the freedom of
movement of the object subjected to charge. The WPT tech-
nique is mainly classified into the near field and far-field. In
near-field category, inductive power transfer (IPT) is achieved
through resonance IPT and capacitive coupling [12, 13]. In
case of far-field regions, microwaves and light waves are used.
The frequency of operation for the WPT system varies from
kHz to MHz range depending upon the technique used [14].
IPT is widely used for induction heating and induction stove-
tops, etc.

Resonance enhanced IPT is used for portable device
charging (Qi standard), electric vehicle, biomedical implants,
trains, RFID, MAGLEYV, etc. IPT is an effective way of power-
ing the near field systems (the one wavelength (1) of the
antenna is considered as near field and nonradiative region).
IPT technique is conceptually coined using Faraday’s electro-
magnetic induction as well as Ampere circuital law [15, 16].
There are two coaxial coils made up of copper placed in the
medium of air. The ferrite spokes are deployed under the coil
[17]. The high current flowing through the coil with high
frequency increases the amount of power transferred to the
isolated circuit. Figure 2 shows the generalised block diagram
for the IPT system. The system comprises of input EMI filter
followed by rectifier, filter, high-frequency inverter, coils, and
other secondary circuits [18].
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FIGURE 2: Generalised block diagram of IPT system.

The closed-loop control of the IPT system is essential to
meet the resonance condition and charging profile [19, 20].
The different parameter variations in the IPT system bring
the operating region out of resonance condition. This would
eventually reduce the power transfer efficiency. The IPT sys-
tem is connected to the HV battery bed. Most of the electric
vehicle uses Li-ion battery due to high energy and power
density [21, 22]. The Li-ion battery needs to be charged using
CCCYV control. The battery management system (BMS) gives
the information regarding the required charging current. In
addition, the BMS balances the cell and gives information
regarding the state of charge (SOC) [23]. Depending upon
the SOC, the charging current is decided. The battery bed
inside a vehicle comprises of series and parallel connected
battery cells. Any sort of battery charger such as on-board or
fast charger is connected to the battery through the PDU.
This is to ensure the safety of the battery. Each cell can be
represented as RC based equivalent circuit. The Li-ion cells
have very less self-discharge [24]. The conventional LCL
based IPT system as well as proposed high gain and compact
IPT systems are working as per the resonance architecture.
In most cases,

(1) Li-ion battery needs to be charged with less current
ripple;

(2) the rectified PFC circuit would have low-frequency
current ripple and the high-frequency resonance
operation injects more high-frequency current ripple
in the charging current output.

The presence of low-frequency current ripple in the con-
verter output voltage is reduced by the dedicated faster con-
trol circuit. In most of the practical applications, the output
power will not remain constant due to the coupling coeffi-
cient and load variations. In the literature, parity time
symmetry front end DC-DC converter is proposed for
series—series compensated IPT system to stabilise the out-
put power. The proposed method comprises of the load
resistance identification followed by the output power esti-
mation. Similarly, a dedicated control strategy is used in a
3.3 kW IPT system with LCC compensated network to increase
the power transfer efficiency by 3.75%. In case of the swiftness
of the transient response of the IPT system, a combination of
once cycle control and proportional differential control is

proposed by Shi et al. [25]. A unique control algorithm by
providing importance to the user demand gives more oppor-
tunity in customised charging scenarios. In which, the opti-
mal charging trajectory is made from the nominal battery
model. In addition, the outer SOC tracking based charging
control followed by the inner fuzzy PI based control is imple-
mented in this circuit [26].

The resonance frequency selection for IPT system irre-
spective to the compensation topologies are essential to attain
high-power transfer efficiency. Hence, an estimation of reso-
nance frequency under the load and coupling coefficient vari-
ation is addressed in the manuscript. Therefore, it is necessary
to develop a suitable control strategy for the IPT system to
meet the desired response. In this paper,

(1) the control strategy for the IPT system is developed
to meet the efficiency and charging profile over the
coupling coefficient and load variations;

(2) the state-space model of the equivalent circuit gives
the information regarding the stability and control
freedom. It also provides information regarding the
resonance frequency;

(3) the perturbation of different parameters over reso-
nance frequency is studied in detail. The respective
simulation and experimental studies are done;

(4) in addition, a generalised control algorithm is devel-
oped to control the frequency, pulse position, and
pulse width.

In comparison with the existing control strategies [27, 28],
the proposed control strategy is critical in estimating the
mutual inductance and calculating the operating frequency.
The error in approximation in elliptical integral of first and
second kind given Neumann’s formula in Equation (3) deci-
des the accuracy in mutual inductance theoretically. The prac-
tical measurement of voltage across the capacitance and
current to the load is an input to the mutual inductance
estimation. The advantage of the proposed control strategy
over the existing control strategy is that even in absence of
voltage and current measurement, if the physical dimensions
of inductive coils and misalignments are known, the mutual
inductances can be estimated. Combining the Neumann’s
formula and resonance conditions is the unique control strat-
egy used in the IPT system.
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FiGURE 3: LCL based IPT system with closed loop.

The future studies need to improve the accuracy of the
estimation and bring the optimised performance while mea-
suring the significant misalignments. The studies should also
focus on the external interventions that affects the measure-
ment of voltage and currents and estimation.

The organisation of the paper is as follows: Section 1
emphasises the background and motivation behind the pro-
posed work, Section 2 gives the mathematical foundation and
details the proposed control logic and algorithm, Section 3
presents the validation in simulation and experimental plat-
forms along with result analysis and discussion. This is fol-
lowed by conclusion.

2. State Space Model of Equivalent Circuit

The conventional LCL based IPT system is considered for
closed-loop study. The circuit diagram of closed-loop control
of the IPT system is shown in Figure 3. The current through
the bridge rectifier and voltage across the secondary parallel
capacitor is sensed. The equivalent circuit of the LCL based
IPT system is shown in Figure 4. The sensed current and
voltage data are transferred to the primary side. The TI Del-
fino C2000 controller is used as controller.

The state variables for the secondary circuit are the cur-
rent through the equivalent secondary inductance (Lscq)
and the voltage across the secondary parallel capacitor (Cyy,).
The corresponding secondary decoupled circuit is shown in
Figure 4(a). The output variable is the secondary voltage
across capacitor Cg,.

Lqeq is the equivalent secondary inductance made from
combining the elements L, and C; shown in Figure 4. This is
mathematically expressed as follows:

L L

seq —

-, 1
s wzcss ( )

where L is the secondary coil self-inductance and Ci; is the
capacitance added to compensate the leakage flux created
due to the large distance between the coil. The capacitance
Cp is resonating with the inductance.

dx, 0 —L_ ! 1
Se X T
ar | = S A IR S LAY
dx, R X2 0
dt Csp Requp
X1
y=1[0 1] ; (3)
X2

where x, is the current through the inductor Ly and x; is the
voltage across the capacitor Cy,. The output matrix repre-
sents the voltage measured across the equivalent resistance
made from the uncontrolled rectifier and load by considering
the fundamental harmonic approximation.

Similarly, the approximated secondary circuit elements
are referred to primary and formed and the equivalent circuit
is shown in Figure 4(b). The current through the equivalent
primary inductor, voltage across primary parallel capacitor
and current through bridge inductor are the state variables.
The corresponding state—space model is shown below.

The state variable x; is the current through the bridge
inductor Ly. x4 is the voltage across the capacitor Cy,. x5 is
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the current through the equivalent inductor L.

- 1 -

dxs 0 = 0

dr Ly X 1

dx, 1 0 -1 Ly

s P || x | + V. (4

dt Cop Cop ‘ U “)

d| | 1 R Ll

dt L Lpeq Lpeq_
X3

y=[0 0 1]|x|. (5)

X5

Further, the bode plot of the state space model is taken to
understand the gain and bandwidth details. The current I,
flowing through bridge inductor is limited by the inductor as
well as parallel resonance condition. The corresponding bode
plot with current I, as output variable is shown in Figure 5.
The capacitor C,, is resonated with primary equivalent
inductance Lyeq. Since the bridge current drawn by the
circuit is minimum to meet the load at that time, the

conduction loss through the switches will be minimum.
This region of operation can be well identified with a bode
plot. Similarly, Figure 6 shows the bode plot with the primary
current as output. The primary current drawn during reso-
nance condition would be very high. This eventually create
more open-circuit voltage at the secondary side.

2.1. Estimation of Mutual Inductance. It is estimated from
sensing the circuit parameters. In addition, from the physical
dimensions of the inductive coil, misalignment and mutual
inductance are computed. According to the change in
dimensions, the mutual inductance will vary. However, the
mutual inductance estimated from the sensed current and
voltage parameter is applicable to all kinds of coil dimen-
sions. Both methods are combined to get information
regarding the unknown parameters.

2.1.1. Computation of Mutual Inductance. The mutual induc-
tance between the primary and secondary coil is computed
from the Neumann’s formula of approximations.

The primary coil is embedded in the ground and part of
the power supply equipment system. The secondary pickup
coil is placed in the vehicle. The secondary pickup coil gets
misaligned when the car is not parked in line with the coil
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alignment. A typical example is represented as image in
Figure 7. Each turn in primary and secondary coils are repre-
sented in Figure 8.

The R, is the radius of the primary turn and R; is the
radius of the secondary turn. Where ‘4’ is the distance

a2 d
V= +— —2—cosd. 7
\/1 2 2 Scos (7)

The function ¥(k) is the function of elliptical integral first
(K(k)) and second (E(k)) kind as follows:

009 = (- k) K0 - FECR) ®)

The elliptical integral of first kind is written as follows:

Kom) = [\ ©)
E(m) = / :\/mde. (10)

The elliptical integral of first kind and second kind is
represented in Figure 9. When the mutual inductance is
getting increased then the difference between the elliptical
integral first kind and second kind is getting increased.
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2.1.2. Estimation of Mutual Inductance from Circuit Parameter
Identification. From the fundamental voltage across the capac-
itor Cy, and current through the diode bridge (1) the equiva-
lent resistance is computed. This is similar to the approximated
equivalent resistance from load as follows:

Ve
Ry =2 (11)
Lip

Now, the circuit becomes linear at the secondary side.
Applying the Kirchhoff current law (KCL),

" —
Is = ICsp + Idb . (12)
Similarly, the open-circuit voltage in terms of primary
current and mutual inductance is written as follows:
Voo = joMI,. (13)
The mutual inductance in terms of other circuit parame-
ters is written as follows:

B LwLgq + Iy Cy,

(14)

a)IP

In addition, the secondary inductive coil is embedded
inside the vehicle. The inductance of the secondary pickup
coil can be measured using the test pulse. The information is
useful to determine the open-circuit voltage without the pri-
mary current (I,). The parameter such as secondary current
(I,), secondary parallel capacitor (Cy,), and frequency () are
known. Further, from the primary side current measurement
(I,) is also obtained. Thereafter, the mutual inductance is

calculated using Equation (11). The estimated mutual induc-
tance from current and voltage measurement and computed
mutual inductance using Neumann’s formula exactly deter-
mine the position of the coil.

2.1.3. Selection of Operating Frequency. The operating fre-
quency of the proposed converter is selected as follows:

1

V LPeqCP . (15)

Wy =

The resonance frequency of the system is selected as the
operating frequency. The equivalent primary inductance is
written as follows:

1 1
Lyw =L, ——— — ——.
A= T 20 T WG, (16)

The reflected capacitor is written in terms of mutual
inductance.

Ry (0 CyLug = 1) + (@Lq)?
(0*M?) [CypR2, (0*CypLyeq — 1) 4 Lyeg)
(17)

C (M’ Req) =

The mutual inductance is computed corresponds to the
misalignment of the inductive coil. Hence, the operating
frequency is selected according to the misalignment of the
pickup coil with respect to the primary coil.

2.2. Proposed Control Logic and Algorithm. The inner reso-
nance and outer current control logic block diagram is shown
in Figure 10. The sensed current and voltage is calibrated and
transmitted through the RF medium. Since the primary and
secondary pickup coil is near, RF-based signal transmission
is adopted. The received RF signal shares the information
regarding the corresponding voltage and current. Further,
the calibrated current value shows the actual measured current
and compared with the reference current value. The reference
current is decided according to the requirement of charging
current. The charging current is high when the SOC is low.
Meanwhile, the calibrated voltage is compared with the
reference voltage. The reference voltage is decided by the
constant voltage (CV) limit. The proposed algorithm is
shown in Figure 11. The pulse width, position, and frequency
are adjusted as per the logic developed. The resonance fre-
quency is selected according to the condition of resonance.
There are two reference voltages fixed to identify the CC and
CV points. According to the specifications of the battery,
these reference voltages are fixed. The measured battery cur-
rent is compared with the current reference. Depending
upon the error, the pulse width modulation (PWM) duty is
adjusted. During constant current mode, the PWM duty is
adjusted to maintain a fixed current magnitude. The current
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tolerance limit is decided according to the desired current
ripple at the charging current. Operating frequency verses
the coupling coefficient is shown in Figure 12. This shows the
optimised frequency selection for the resonance operation.

Generally, the charger inside the vehicle is a slave to the
Vehicle supervisory unit (or) power train control module.
Hence, the current reference value from battery management
system given to the vehicle supervisory unit and charge
power available from charger point or EVSE is communi-
cated to vehicle supervisory unit over CAN. Vi1, Vies, Trefi>
and I.p are calculated from the power request from the
vehicle supervisory unit. Vier and Viep are derived from
the SOC of the battery and the voltage setpoint request
from the master. . and I .p, are calculated from the charge
power request and voltage references.
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FiGure 12: Operating frequency vs. coupling coefficients.
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FIGURE 14: Voltage across various circuit elements.

3. Implementation and Validation

The proposed control algorithm and the control logic needs
to be evaluated in simulation and experimental studies. In
view of that, a control logic is built in MATLAB platform and
validated numerically as well as experimentally.

3.1. Simulation Studies. A closed-loop control of the IPT
system with the proposed control logic is implemented in
the MATLAB simulation platform. In case of LCL circuit,
the significant amount of output voltage is controlled by
adjusting the frequency of operation. The pulse width is
also adjusted for minimal changes. Further, the developed
IPT system is simulated with the same environment. The
steady-state waveforms of the LCL based IPT system is
taken. The voltage and current waveforms of the primary
and secondary coil is shown in Figure 13. According to the

frequency of operation, the primary current varies. This in
turn changes the primary and secondary waveforms.

The voltage across various circuit elements is shown in
Figure 14. Similarly, current through various circuit elements
are shown in Figure 15.

The steady-state voltage and current waveform shows a
stable operation. Further, the constant voltage and current
operation the developed algorithm is built-in MATLAB
platform.

3.1.1. Constant Current and Constant Voltage Control. Accord-
ing to the SOC of the battery, the constant voltage and constant
current control are developed. Figure 12 shows the constant
current control. The dynamic changes in load lead to variation
in current. The current reference is decided in accordance with
the desired charging current under constant current operation.
The waveform reaches to steady state after 0.2 s. Thereafter, the
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charging current. The charging current is maintained constant
through variable voltage and closed-loop current control. Simi-
larly, the constant current and constant voltage control are
shown in Figure 16. The SOC of the battery reaching after a
certain limit, the mode of charging is changed to constant
voltage control. Meanwhile, the charging current reduces while
there is progress in SOC. This eventually shows the typical
charging profile of the Li-ion batteries. The resonance fre-
quency is adjusted in accordance to the misalignment of pickup
coil. There is a small spike in current value after reaching 0.3s,
when the voltage transitions occur. This is due to the time in
estimations in mutual inductance after measuring the primary
current. The estimation time to be reduced and the controller to
be optimised in further iterations.

3.1.2. Simulation Results for Selection of Resonance Frequency.
The gate pulses with a different frequency as well as different
duty ratios is used to control the desired output response. The
resonance frequency is adjusted to maintain high-power
transfer efficiency. The change in the load will not affect the
resonance frequency. However, the frequency of operation can

Ficure 17: Constant voltage and constant current control.

FiGure 18: Experimental setup and prototype.

adjust the output voltage. The main impact in resonance fre-
quency is due to a change in mutual inductance. In view of
that, the resonance frequency should match the operating
frequency of the system. The pulse width and pulse position
are decided by the control logic adopted. In case of compact
high-efficient IPT system pulse position-based control is
required. However, the condition of resonance in terms of
circuit parameters are different. In addition, according to
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FiGURE 19: Experimental waveforms. (a) Voltages V,,, V;, and gate pulses at 42% and (b) voltages V7, V;, and gate pulses at 34%.

the circuit and mode of operation, the resonance will vary.
Hence, as per the guidelines, this control logic can be applied
to any such IPT systems. The increase in the magnitude of
voltage and current according to the resonance frequency is
shown in Figure 17.

3.1.3. Experimental Studies. The control logic is tested in the
built experimental prototype. C2000 Delfino controller is
used as the main controller. The experimental prototype of
1kW with closed loop control is shown in Figure 18. The
ACS712 hall effect current sensor is used to measure the
charging current. Thereafter, the measured current is given
to the ADC of Delfino controller and calibrated. Similarly,
the voltage across the capacitor Cy, is sensed using ZMPT101B.
Further, ADC of the controller reads the voltage and current
values from the sensor output. The steady state equivalent
resistance is calculated from the fundamental magnitude of
the measured voltage to the fundamental magnitude of the
measured current. Predefined circuit parameters are declared
as constant in the programme. The primary current through
the inductive coil is also measured in this regard. The entire
control logic is built-in MATLAB embedded programming
platform along with the help of a code compressor studio.
The Delfino controller is interfaced with the PC where
MATLAB is installed. The simulation time is matched with
the hardware execution time and retrieved the live readings
from the ADCs. Further, the processed value is given to the
converter as a gate pulse.

The isolated gate driver is used to drive the higher side
converters. Silicon labs isolated gate drivers are used to drive
the higher side switches. An auxiliary power supply is made
to the driver circuit for sufficient energy to operate. Further,
the experiments are conducted under variations in misalign-
ment and changes in load. The obtained waveforms from the
experiment is shown in Figure 19. The waveform at different
duty ratio and frequency are taken in experimental studies.
Primary and secondary voltages at 42% duty ratio at 85kHz
are shown in Figure 19(a). Similarly, primary and secondary
voltages at 34% duty ratio at 88.171kHz are shown in
Figure 19(b). Each curve shows the way at which the voltages
are controlled. Both curves are taken at two different loads
and misalignment.

A mathematical model-based approach may inaccurate
to meet the exact resonance in the system. A normal PI
control with the constant voltage and constant current also
is insufficient to meet the desired response. In this proposed
technique, since the voltage and current sensor measure each
voltage and current values the calculation of impedance will
be accurate. In addition, even if there is change in values of
the circuit parameters the algorithm is capable enough to
capture the changes.

4. Conclusion

The proposed control strategy for IPT system in this paper
under misalignment of pickup coil with respect to the pri-
mary coil is useful for where there is a parking constraint to
the vehicles. The entire control strategy can be compre-
hended to two parts. The part 1 is the estimation of mutual
inductance and part 2 is computing the resonance frequency
to generate the pulses for gate drivers. The mutual induc-
tance is computed using Neumann’s formula of approxima-
tion from the dimension and position of inductive coils.
Similarly, the mutual inductance is estimated from measur-
ing the circuit parameters and calculation. Both methods are
combined to form a unique control algorithm. The reso-
nance frequency corresponds to the misalignment and load
variation is identified by estimating the mutual inductance.
The control algorithm is simulated and validated in the
MATLAB simulation platform. Further, the developed con-
trol algorithm is built-in embedded MATLAB platform and
build to the respective controller. The TI C2000 Delfino
control launchpad is used to evaluate the control algorithm.
Hall effect current sensor with high accuracy and sensitivity
is used to measure the current. The use of silicon lab drivers
for the experimental setup improved the gate voltage profiles.
The developed control algorithm is tested in a conventional
LCL based IPT system.

Data Availability

The required data can be obtained from the corresponding
author upon an email request.
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