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Abstract

Wireless power transfer (WPT) system based on a dynamic wireless charging (DWC)
scheme, eliminates waiting time for charging electric vehicles (EVs), increases the range
of motion, reduces the size of Li-ion battery, and automates the charging process. In the
DWC method, an EV frequently passes the charger transmitter pads at maximum speed to
charge the onboard battery. The charger must have a quick and smooth transient response
that employs the proper charging strategy for the battery. Here, a model predictive con-
troller (MPC) is proposed to deploy a suitable DWC based on constant current/voltage
(CC/CV) charging protocol. The designed MPC functionality is demonstrated by simu-
lation and experimental results for both CC/CV strategies while battery state of charge
(SOC) is estimated by a simple and stable technique in the primary side. The applied
CC/CV MPC scheme performs propetly in all conditions with a fast critically damped
start-up, which makes it a potential choice to charge EV in dynamic and static modes. The
simulation results of the proposed controller are verified by implementing a 90 W WPT

1 | INTRODUCTION

The WPT has drawn much attention in recent years due to its
convenience, safe and fully automatic access to electrical power
[1]. The WPT technology is used in many applications such as
medical implants [2, 3], consumer electronics [4, 5] and robotics
[6, 7]. Because of the abovementioned advantages, WPT is a
good choice to replace the plug-in EV charger in static wireless
charging (SWC) [8, 9]. As shown in Figure 1a, the dynamic wire-
less charging (DWC) for EV is a promising solution to extend
driving range, decreases the battery size and eliminates the wait-
ing time for charging [1].

Due to the superior energy density of Li-ion batteries, they
are widely used as EV energy storage systems. Since, they are
very sensitive to overvoltage [10], the WPT system controller in
both CC/CV charging modes should regulate current/ voltage
smoothly and especially at start-up.

According to Figure 1b, at the beginning of the CC/CV
charging process, the battery is charged with CC mode. Nomi-
nal current is applied to the battery continuously (/, = /) until
the output voltage reaches the nominal voltage of the battery

testbed at 85.5 kHz switching frequency and 100 mm coils’ air gap.

(V,= V). Then, to avoid increasing the output voltage (1)
over the reference voltage (17,), the charging process changes
from CC to CV mode. In this mode, 1, remains equal to 17,5
and when the charging process is completed (7, < 0.1 7, the
system turns off. During the charging, the SOC of the battery
increases and can be modelled as an equivalent load resistance
(R,, as shown with purple line in Figure 1b) [11-13]. In [14, 15],
hybrid topologies in the primary and secondary sides are imple-
mented to achieve CC/CV modes without requiring feedback
control. These methods need additional inductors, capacitors,
switches, and controller which increase the complexity, cost, and
uncertainty of the system.

A WPT system has a high-frequency inverter, loosely-
coupled transformer, high-order resonance tank, and other non-
linear elements. In [11, 16, 17] a conventional proportional-
integral (PI) controller was proposed to achieve CC/CV charg-
ing scheme and improve dynamic performance of WPT sys-
tem respectively. But according to the inherent characteris-
tics of the PI controller (linearity and simple mathematical
model), its dynamic performance is limited. In [18], they worked
on improving the dynamic performance of maximum energy
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(a)

(a) Dynamic and static EV wireless charging and (b) CC/CV charging protocol of a Li-ion battery

FIGURE 1

efficiency tracking by using a sliding mode controller in the sec-
ondary side. The system required two controllers (in primary
and secondary side) as well as a secondary boost converter,
which increases the complexity and cost of the system. In [19],
based on impedance matching a mutual inductance estimation
strategy is used for DWC system to obtain maximum efficiency
while regulating the output voltage of the WPT system. The
impedance matching method requires bulky inductors or capac-
itors which increases control complexity and size of the WPT
system [20]. In [21, 22], controllers based on one cycle-PD and
switching control strategy are proposed to improve the tran-
sient response. High complexity of the WPT system makes it
difficult to effectively implement the proposed control strategy.
In [23], a deep learning controller is used to improve the tran-
sient response of the WPT system. A sliding mode controller
is used to estimate system dynamics, two deep neural networks
to eliminate the sliding mode controller estimation error and a
feed-back controller to stabilize voltage response of the DC—
DC converter. As a result, the controller is complex (and hard
to design). Furthermore, [23] not only it lacks the output cur-
rent regulation which is very important for the Li-ion battery
but also it requires an additional DC-DC converter to imple-
ment the controller. In this paper, a model predictive controller
(MPC) is proposed to improve system transient response. This
controller is a simple and powerful controller based on the opti-
mal control scheme with fast, and accurate dynamic response
[24]. In addition, itis proper for a nonlinear system that does not
need to tune the gain of the controller which is essential in sys-
tem with PI controllers. In [21], MPC is employed to ensure the
reliable operation of the WPT system in case of a quick change
in coupling coefficient. In [25-27], MPC is used to improve the
petformance of a bidirectional WPT system for maximum effi-
ciency tracking and power flow process.

The main contribution of this paper is to deploy a primary-
side MPC for the WPT system to execute CC/CV protocol
with a fast and smooth dynamic transient response. Based
on the proposed estimation technique of the SOC of the
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Li-ion battery, there is no need to a communication link to
feedback state of the secondary side to the primary side.
Because of the fast and smooth start-up transient response of
the proposed controller; it is suitable for dynamic and static
wireless charging. Smooth transient avoids damage to the
Li-ion battery and fast turn on/off system makes the system
suitable for high-speed mobility of the EVs over charging pads.
The H-bridge inverter through phase-shift modulation (PSM)
technique with a constant switching frequency regulates the
output voltage/current. Simulation and experimental results
validate the smooth, quick transient, and accurate steady-state
response of the proposed controller. Due to the simplicity and
applicability, the series-series (SS) resonant tank is used in this
work. The rest of this paper is organized as follows: In section
2 the WPT structure and fundamental theoretical analysis of
the WPT system are presented. Section 3 presents the proposed
load estimation technique and the primary-side MPC scheme
analysis and related simulations are discussed in Sections 4 and
51, respectively. Finally, Section 6 validates the proposed MPC
technique with experimental results.

2 | SYSTEM CONFIGURATION

2.1 |

System structure

WPT system has two electrical isolated sides: transmitter or
grid side and receiver or EV side that are shown in Figure 2.
The MPC is deployed in the primary side to achieve CC/CV
protocol. The H-bridge inverter regulates the value of input
voltage to the resonant tank through the phase shift technique.
The source DC voltage is converted to high-frequency AC and
applied to the primary series resonant tank as a transmitter.
Then, it is transferred via magnetic coupling to the secondary
series resonant tank as a receiver and after rectification, charges
the Li-ion battery. Due to weak coupling between the trans-
mitter and the receiver coils (L1, L2) reactive power is high,
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FIGURE 2  Structure of a WPT system
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FIGURE 3 TFHA approximation of the WPT circuit

therefore compensation capacitors (C1, C2) are necessary to
reduce the reactive power of the circuit. As a result, component
VA rating is reduced and efficiency of the system is increased
[28]. On the secondary side, a full-bridge rectifier and a capac-
itive filter are used to rectify and reduce the switching ripple of
the charging current or voltage [29].

2.2 | Full-bridge inverter model

The square wave voltage is applied to the H-bridge inverter and
the resonant tank includes multiple frequency components. For
simplicity in the circuit analysis, an acceptable approximation is
made to consider the first-order harmonic and ignore the other
higher-order harmonics.

The name of this method is the first harmonic approxima-
tion (FHA), which produces a suitable design as long as the
WPT converter operates at or close to the resonant frequency.
The simplified circuit of Figure 2 based on FHA is shown in
Figure 3.

where 17, is the output inverter voltage and 17 is FHA esti-
mation of 17,. The Ry, R, 1;, I, are primary and secondary
winding resistances and tank currents, respectively. M, 17, and
R, are the mutual inductance, the secondary side AC voltage,
and the equivalent load resistance at the input of the rectifier,

Resonant tank
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FIGURE 4

The output voltage of the H-bridge inverter (pink) and
MOSFET gate signals of the H-bridge (blue, orange)

respectively. The RMS value of 17 is:

T/i,ﬂm =

2¢/2 8

— V7, cos < 2) )
where J is the phase shift angle between the switching pulse of
each leg of the H-bridge inverter (Figure 4). Any changes in the
d, leads to a change in the duty cycle of the inverter voltage.
It causes the output voltage/ curtent to be adjusted. The 9 is
changed from 0 to 7 radian, which is equivalent to change of

the duty cycle from 50 to 0%.

2.3 | Output rectifier model

Because in WPT application, battery charging operation is slow
and applied voltage and current are dc, the Li-ion battery can
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be modelled as a variable resistor &, [11, 12]. The equivalent
resistance and RMS voltage/current of the input rectifier view
are R,, 15, and I, respectively.

Re = - Rn (2)

Vé,r;m = 1'/o (3)

]2,77%.!‘ =—1 (4)

2.4 | Magnetic coupler model

Generally, in high power WPT applications like EV charging,
the loosely coupled transformer consists of ferrite cores and litz
copper coils (Figure 52). The T-model of loosely-coupled trans-
former is presented in Figure 5b. The magnetic losses and non-
linearities of the core are ignored and just resistive losses of the
primary and secondaty coils are considered in the model. The
above-mentioned assumptions are acceptable in the inductive
WPT system [30, 31].

The mutual inductance that is defined by coupling factor (&)
and self-inductances is expressed as:

M= kLI, ©)

The mutual inductance depends on the shape and the
material of the WPT system’s transmitter and receiver pads,
and alignment between them. Figure 6 shows finite element
method (FEM) simulation of the mutual inductance (M)
of the DD power pads under X and Y-axes misalignment.
According to the figure, it can be concluded that the DD
structure is more robust to displacement along the Y-axis
direction, so the EV must move along the Y-axis directionbrk
[32].

(b)

Power pads (a) structure of DD type pads (b) electrical T-model of the DD pads

FIGURE 6 Mutual inductance of DD pads under misalignment along x
and y-axes
2.5 | Resonant tank model

By applying the Kirchhoff voltage law (KVL) in Figure 3 the
relationship between input voltage/current and output volt-
age/current is given by:

M 2y Zio| |4
= 5 ©)
0 Zi 2o | | b
where primary, secondary, and mutual impedance are given by:
Z1 =Ry +jwl, + !
1= 8 T WL ok

Z, =R il —+ R
2 > tJ jz+jcuC2+ e

Zip = —joM
0]
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FIGURE 7 The frequency response under all range 100
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wherew =1/ \/ LG =1/ \/ 1,C, is the switching angular fre- 8
quency of the inverter. The primary and secondary side ac cur- 6l
rents can be calculated as: -
=~
- Z, N N
=7 ®)
lez - le 2 [
7 Z 12 g Ler—
L=——"—1U 9 0 ‘ ‘ ‘ ' '
T2tz ) 70 75 80 85 90 95 100
Frequency (kHz)
q y
From Equation (9), the magnitude of /, can be changed by (a)
changing the voltage ;. According to Equation (1), the ampli-
tude of the voltage 17; can be modified by changing the value 016 - P
of the 8. This changes the output current /, according to Equa- ' 20
tions (4) and (9). The output voltage 1/, can be adjusted where, £ 0.14
I/, = R,1,. The R, has a variable value which is related to the )
SOC of the battery and it needs to be estimated. 0.12F
. . 0.1 ‘ : ‘ :
2.6 | Characteristics of SS resonant tank 60 70 80 90 100 110
Frequency (kHz)
It can be seen in Figure 7a as the R, changes from 6 to 86 (), at (b)
resonance frequency, the system phase angle for all the loads
remains zero. FigUfe 7b shows the efﬁciency under load and FIGURE 8 The frequency response of the system gain (a) output voltage

frequency variations. For all the loads, the highest system effi-
ciency occurs at the resonance frequency. When the resistance
R, grows the phase angle of the impedance rises and power fac-
tor decreases, so it can be concluded that at light loads, the effi-
ciency decreases.

The 17, to 1 and the 7, to 17} gains relationships are given
by Equations (10) and (11):

gain (b) output current gain

As shown in Figure 8a,b, when the load resistance increases,
the 1,/17 and 1,/ 17; gains of the circuit increase. So, the value
of 17, must be adjusted to keep the 1/, and /, at a desired value.

o JjwMR,
Guain = 7|=| ) ) n (10)
! 202 — - Iy — — R wl — —
WM (cuLZ wZ)(wl o, + R, | wly oC,
L ‘wM
Gain = |71 = | J 1 (1)
1 .
cuZMZ—(cu ——>< 1__C1>+jR"<wL1__C1>
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3 | LOAD ESTIMATION AND OUTPUT
VOLTAGE/ CURRENT CALCULATION

In order to estimate the SOC of the Li-ion battery, the 1/,
and /, need to be adjusted and the system turns on/off. A
communication link is required to transfer load data to the
primary side. The communication link increases the uncet-
tainty, complexity and price of the system. Therefore, in this
papet, with the aim of removing the communication link, the
SOC of the battery is estimated based on the equivalent load
resistance.

3.1 | Load estimation

According to the equivalent circuit of the WPT system in
Figure 3, the input impedance at the source input and input
active power P; are given by:

COZMZ
. 1

. 1
L =Ry "‘]C"Ll_/w_c1 +

W’ M?* (R, + Ry)

x| B +

2
2 1
(A4 R + (w0l — )

w?M? <coL2— ! )

1 wC,
+/lwly — — — -
J | wLq oC. - - } ] 2
&+ 2>+(w’2_w_c2>
(12)
2
]:a = ll,rm.r RC(ZM)
27372
5 W M* (R, + R,)
=[1,rm3 Rl + : 21 (13)

2 1
(Rg +R2) + (CL)LZ - cu_F2>

The operating frequency is assumed to be equal to
the resonance frequency (while at resonant frequency the
Z, is pure resistive). By Equation (13) and measured
11 4 the estimation of the load resistor R, can be given

by:

o|q,

2102 2

w M1,

l—””” > —RZ] . (14)
Pl - lel,rfll.f

Figure 9 shows the set and estimated equivalent load resis-
tance value. The R, estimation shows good tracking with a max-
imum of 2.5% error.

90, T T

0 5 10 15 20 25 30 35 40
Time (ms)
FIGURE 9 Simulation of the set (purple) and estimation (blue) equivalent

load resistance

TABLE 1  Parameters of the WPT system

Vi, V, (CV) 36,258V R, R, 0.15,0.1Q

1, 1, (CO) 4,3A Ch G 33.55, 68.5 nF

R, 6.75-8.5 (CC mode) Ly, L, 104.5,51.2 uH
8.5-85 (CV mode)

3.2 | Output voltage and current calculation

In this section, the 1/, and 7, are calculated. From Equations
(1), (8) and assuming the operating frequency is equal to the
resonant frequency the calculated /; ,,,, is given by:

2\/5V[/[ cos <g>

[l s T .
o w2 M?
T <R1 + ;)
Ry+R,

(15

The Equation (15) shows the relationship between R, § and
I} - According to Equation (15), by changing the value of
S, the duty cycle of 1/} changes, so /;,,, can be controlled
by setting the 8. Furthermote, when the receiver power pad
passes over the transmitter power pad, the mutual inductance
decreases rapidly, as shown in Figure 6. Also from Equation
(15) the primary side current increases more than nominal value
and maybe damages the WPT system. Therefore, the system
needs a cutrent protection mechanism. By combining Equa-
tions (1), (4), (9) and (15), the /, and the 1, can be calculated
by:

2V21, .M
I = V2l . (16)

2
w21,Cy—1 > 2
_— R R
n\/( oG, + (R +R)

20/ 2R 1 oM
v, = V2RA : (17)

2
cuZLzC‘z—l) 2
e L R, + R
n\/< e + (R, +R)

According to Equations (16) and (17), the 17, and 7, are
related to the primary side current and the value of the load.
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FIGURE 10 Proposed algorithm to implement
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Start R S S N S— m
Battery is fully
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TABLE 2  start-up transient responses of the PI and MPC (proposed)
CC Mode CV Mode
R,=7Q R,=8.4Q R,=8.6Q R,=40Q R,=60Q R,=85Q
Controller
Settling ~ Over-  Settling Over-  Settling Over-  Settling  Over- Settling Settling
time shoot  time shoot  time shoot time shoot time Over-shoot time Over-shoot
PI 6 ms 0 10 ms 0% 12 ms 0% 18.2ms 5.4% 2.7 ms 15.5% 2.7 ms 24 %
MPC 0.87ms 0 145ms 0% 1.7 ms 0% 12ms 0% 1.03ms 0% 095ms  2.3%
(Proposed)
300 rr g TR=H O FGon TR=550 4 | PROPOSED PRIMARY-SIDE MPC
‘ ¢ ¢ 2 SCHEME
=200 ¢ 1
= 4.1 | Primary-side MPC scheme
100 1
21V | 68V . 186V ‘ 247V In this paper, MPC has been used with the aim of having fast
OO 0.01 0.02 0.03 0.04 and smooth start-up and mitigating the dynamic problem dur-
(a) ing load and mutual inductance changes in the WPT system
4 with SS tank. The MPC scheme based on the system mathe-
matical model, chooses an optimal response from the existing
r—- responses and applies it to set up the WPT system. The MPCis a
<ofe = = i simple, multi-objective and powerful method, which is based on
N 354 o34A o 29A the optimal control rules with a very fast and accurate response
[33]. The MPC scheme can be formulated as:
0 1 1
0 0.01 0.02 0.03 0.04 N
Time (s) o 2
®) J(NGNpN) = 3 A [yt &)= o+ 4)
k=N,
FIGURE 11  Open-loop simulation. (a) output voltage (b) output current N,
+ D o (&) [Au(n + ). (18)
k=1

Therefore, the /, and the 1/, can be adjusted by controlling the
input current /; ,,,. while /; ,,. is controlled based on Equation
(15) by adjusting the phase shift angle 8.

where Ny, N, N,, y(n), w(n), Au, A(k), a(k) are model delayed,
prediction horizon, control horizon, model output, reference,
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FIGURE 12  Simulation results of the closed-loop MPC scheme in the
CV mode

control signal, and weight factors respectively. In this controller,
to avoid the low-speed dynamic response of the systems, no
restrictions are imposed (¢¢(£) = 0). Here the prediction horizon
is limited to one-step (/V, = 1) in order to reduce the computa-
tional burden. This control horizon is suitable for voltage and
current tracking in power electronics systems [34]. The rest of
the parameters are chosen as:

3.02A  3.02A 30lA 30lA 3A
- T f [ f
<
=02.5
2 n 1 1 1
0 0.01 0.02 003 004 005
30 : . . .
255V
o h224Y 21.15VW’
s 2
[~}
~10
i . | | .
0 0.01 002 003 004 005
15
5"\ 6s 705 755 , 806 B35 7
=°s5
O 1 n 1 I
0 0.01 0.02 003 004 005

0 0.01 0.02 0.03 0.04 0.05
1 1 1 I
I |‘ L ‘ I
I 1 1 1
. L] [] 1
Z1.2t
i
=y k 1.056 1.059 1.063 1.066 1.07
<
1
0 0.01 0.02 0.03 0.04 0.05
Time (s)
FIGURE 13  Simulation results of the closed-loop MPC scheme in the
CC mode

Ny=N =14 =1

1
7 (NN N) = Yt B —w it AT
=1

= U(n+1)—w(n+1)]2. (19)
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FIGURE 14 Simulation results of the start-up transient response in the

CC/CV mode for (a) the CC mode with PI controller (b) the CV mode with PI
controller (c) the CC mode with MPC scheme (d) the CV mode with MPC
scheme

The /is a cost function that must be minimized. Minimizing
the cost function implies:

9] (Ni,Np, Ne)

Ow
yu+)=wh+1). 20)
3%] (Np, Ne)

3.7 = 2> 0 minimum
w

Because the second derivative of the cost function / is pos-
itive, it has the minimum value. By placing Equation (15) in
Equations (16) and (17) and arranging it according to Equation
(20), 17, and /, are then calculated by:

S(n+1)

8w 17, cos( > )
L (n+1)= .
2\ W l,C -1\ 2
2| Ry + @ ;W \/( ;(2 ) + (Rz + %Rﬂ (ﬂ))
R+ =R, (n) 2 4
P
@1
) 1
8R, (n) wM * 1, cos( (”; )y
v, n+1)=

2| R, +

2
M W’ 1,C— 1 8 :
5 \/( e ) (e o)
By B, () ?

(22)
To obtain the optimal delta to control the WPT system in CC

and CV mode, Equations (21) and (22) are arranged in terms of
delta as:

6, n+1)=
. 2 P
V) R+ — \/( WGl ) + (Rz + 2R (n))
o R+ = R,(n) wC) w2
2eos 8w,
(23)
Su, (1 41) =

2 2
5 > M? ( W2 1,Cy—1 ) ( 8 )
Lt )m <R1 + RZ+%R,,(/1)> \/ W, &t R @)
8R, (n) wM17,

1

2cos™
@4

4.2 | Algorithm description

As shown in Figure 10, the active power P; and the 7; ,,,, are
calculated by the measuted voltage and current through the pri-
mary side sensors. The P, and the /; ,,,, are placed in the Equa-
tion (14) to estimate the R,. By estimating the R,, the value
of the /, is calculated from Equation (10). If the output cur-
rent exceeds the nominal value of the battery current /,,, the
controller selects CC mode, otherwise the controller selects CV
mode. In the CC and CV mode, the §,,(n+1) and &;,(n+1) are
obtained through Equations (23) or (24), respectively.

The optimum & is given to the block of the phase shift algo-
rithm to be translated to the optimum duty cycle. Finally, the
optimum duty cycle is given to the H-bridge inverter’s switches.
When the charging current /, reaches below 0.1 7, it means
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FIGURE 15 A WPT system and EVDS in DWC charging application

that the battery is fully charged and the charging process stops.
For protection purposes, in the absence of the receiver pad, the
circuit is switched off to prevent the current increase.

5 | SIMULATION RESULT AND
DISCUSSION
5.1 | Primary-side MPC scheme
Table 1 shows the parameters of the WPT system in the CC/CV
mode charge.

The output voltage and current in open-loop condition, with
load variation from 6.75 to 85 € are shown in Figure 11. The
17, and /, increase to 250 V and 3.5 A, respectively, which are

much higher than the rated value of the battery and damage
it.

5.2 | Verified the proposed controller with
simulation results

The results of the simulation are shown in following figures
which verify the suitable performance of the proposed MPC.
Figure 12, shows the WPT system in the CV charging mode.
According to Figure 12, by increasing the R, from 10.05 to 78.1
Q, the 1, approximately remains constant about 25.8 V. By the
abovementioned vatiation in the &, the /, dectreases from 2.59
to 0.32 A. Figure 13 shows the output current in CC mode. It
can be seen that by increasing the R, from 6.8 to 8.55 Q, the out-
put current approximately remains constant about 3A. By the
aforementioned change in the R,, the output voltage increases
from 20.4 to 25.5 V.

Figure 14 shows the start-up transient of voltage and current
when the system works in CC/CV mode by the PI controller
and the proposed MPC scheme. The percentage of overshoot
and settling time for PI and MPC in R, = 7, 8.4, 8.6, 40, 60
and 85 Q are shown in Table 2. Based on Table 2 the proposed

controller for all the loads was significantly faster and smoother
than PI controller.

The li-ion battery is highly sensitive to overvoltage [10], so
the WPT system must reach the steady state response without
overshoot. On the other hand, in the dynamic charging method,
due to instantaneous changes in parameters such as load and
mutual inductance, the WPT system must be able to respond
appropriately and quickly to the presence and position of the
EV (Turn on the system and compensate M changing). As a
result, it is essential for the WPT system to have a smooth and
fast response.

By increasing or decreasing the response speed of the PI con-
troller by changing controller parameters (K, K)), the system
leaves the optimal state and the system experiences overshoot
or slow response. In the studied system, the load and mutual
inductance are variable, while the PI controller has constant
coefficients (K}, K) and cannot provide a desirable response for
complete range of load and mutual inductance variation. So the
system responses with PI controller will not be optimal for dif-
ferent loads and mutual inductance. According to Figure 14c,d,
the MPC scheme has much lower overshoot and faster dynamic
response in comparison to PI controller. In fact, the ability to
generate and apply the optimal control signal (for complete
load and mutual inductance variation) to the WPT system, MPC
gives better results comparing to PI [26].

5.3 | Misalignment compensation

There are two types of misalignments between transmitter and
receiver coils in a WPT system: One along the X-axis and the
other along the Y-axis. The DD coils mutual inductance vari-
ation due to misalignments along the Y-axis is small and nearly
negligible (Figure 6) [1]. Therefore, it is enough to turn on the
WPT system when the car reaches the desired range in terms of
mutual inductance (M = M, mina)- But the mutual inductance
changes along the X-axis is considerable. Consequently, if not
compensated, the charging process will run into problem. In
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this regard, the EV detection system (EVDS) is used to detect
the presence of a vehicle as well as the amount of misalighment
in the X-axis direction. Schematic of an EVDS is shown in
Figure 15, which shows three secondary windings and a primary
winding. The primary EVDS winding is mounted beneath the
vehicle and the secondary EVDS windings are mounted along
the road, in front of the primary winding of the WPT system.
In fact, the EV position along the X-axis is detected by the
EVDS. Then, the output signal of the sensor will be applied
to the control algorithm. Thus, the mutual inductance in the
algorithm is corrected. In terms of alignment and misalignment
in the X-axis direction, the mutual inductance is M = M, minal
and M < M, o minal> tespectively.

In order to evaluate the capability of the proposed control
strategy to track the mutual inductance changes, system per-
formance at CC and CV modes (R, = 8 and 30 ) before
and after X-axis misalignment are simulated. System dynamic
performance simulation is carried out and compared for pro-
posed MPC and PI controller. Simulation results are shown
inFigure 16.

As shown in the Figure 16, by changing the mutual induc-
tance from the nominal value of 15.36 uH to the value of 12
uH, the value of 7, remains constant at the nominal value of
3A after passing the instantaneous changes of 0.5 ms. In addi-
tion, changes in mutual inductance from 11 to 16 uH have been
petformed. By changing the mutual inductance, the value of 1/
remains constant at the nominal value of 25.8 V after passing a
transient response lasting 1 ms. It can be seen in transient state
that due to the inductance changes, MPC scheme is 15 to 76
times faster than PI controller while its over-and undershoot

are lower.
6 | EXPERIMENTAL RESULTS
6.1 | The WPT system experimental setup

As shown in the Figure 17, 2 90 W prototype WPT system has
been implemented just to verify the simulation results of the
proposed MPC scheme with the parameters of Table 1. The
MPC scheme is implemented using the DSP, TMS320F28335
chip. In the H-bridge inverter and rectifier, MOSFETSs (Infineon
IRFP15N60L) and ultra-fast diode (Fairchild FFAGOUP30DN)
are used, respectively. A Hall effect LEM (LA 55-P) current sen-
sor and a MINMAX (MAU202) voltage sensor were used to
measure current and voltage, respectively. The magnetic part of
the WPT system consists of two DD transmitters and receiver
pads. Each DD pad consists of two D-shape spiral sub-coils.
To reduce the high-frequency skin and proximity effect losses,
it is wounded using litz wire (400 X 0.1 mm). Dimensions of
the transmitter and receiver pads are identical, 400 X 400 mm?.
Each of the transmitter and receiver pads consist of two sub-
coils that have NV ; =11, N, , =11, N, 3 = 6,and N, 3 = 6 turns,
respectively. To guide the magnetic flux, each DD pad has ten
fertite cores with dimensions of 120 X 10 X 8 mm?. The load
consists of two 54 € series variable potentiometets.
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FIGURE 16 The effect of M changes on /, and 17, (a) PI controller (b)

MPC scheme

FIGURE 17

Photo of the WPT system experimental setup
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6.2 | Transient start-up dynamic

Figure 18a,b shows the transient response of the experimental
testbed for different loads (R, = 6.8, 8.4, 10, 20, 60 Q) in CC and
CV charge modes. From Figure 18a, it can be seen that the set-
tling time for the /, in CC mode is less than 300 us (Figure 18a)
and the settling time for the 17, in CV mode is less than 1 ms
(Figure 18b).

As shown in Figure 19, by changing the R, from 44.1 to 22.5
Q, the 1/, value with an error of less than 0.5% remains con-
stant with respect to the reference value in CV mode. It can
be seen that by changing the output resistance from 44.1 to
22.5 and 44.1 Q, the transient response time of the 17, is lower
than 0.6 ms. Also, as shown in Figure 19 the transient response
time periods of the /, for the abovementioned load changes are
0.6 ms and 5 us.

7 | CONCLUSION

This paper proposed a primary-side MPC scheme that executes
the CC/CV protocol with a fast and smooth dynamic transient
response compared to the conventional PI controller for the
WPT system. The proposed controller settling times are 2.62 to
15.2 times (depending on battery SOC) faster than the PI con-
troller. By changing the load resistance from 44.1 to 22.5 and
44.1 Q, the output voltage and current adjustment time is lower
than 0.6 ms. In DWC application the EV frequently (with a fast
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FIGURE 19 Experimental results of the transient load changing in CV
mode

speed) passes the WPT transmitter pads. As a result, fast turn
on/off of the WPT system both increase the transmitted power
to the EV and the efficiency of the transmitter section of the
WPT system. Since the battery of the EV is Li-ion, 24% voltage
over-shoot in the PI controller responses could damage the bat-
tery, while the maximum overshoot in the responses of the pro-
posed controller is 2.3%. To eliminate the communication link,
the output load is estimated, therefore system stability and sim-
plicity are guaranteed. The efficiency of the implemented system
is 76.5%. The proposed controller is simple, based on the opti-
mal control law and it doesn’t need any gain tuning that makes
it a potential candidate for DWC of EVs.
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