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Abstract—For inductive power transfer (IPT) systems, loads
and system input voltages are subject to change, which affects
system efficiency and stability. This article presents a perturbation
and observation (P&O) method for maximum energy efficiency
tracking (MEET) with a model predictive control (MPC) scheme
for improving the dynamic performance of series—series compen-
sated IPT systems. In the IPT system, the inverter at the primary
side incorporates the P&O method and phase shift modulation
(PSM) to minimize system input power. Meanwhile, the rectifier
at the secondary side is controlled by MPC control based PSM
to improve the dynamic response of the output voltage. Simulated
and experimental results show that, compared to the PI controller,
the MPC controller, based on a simple but accurate mathematical
model, has a better dynamic response to load and input voltage
variations. With the MPC controller, the settling time of the output
voltage is reduced by 85.7 %, which indicates a particularly stable
power supply to the load. Furthermore, MEET adopting the P&O
method in the IPT system can promote the system efficiency by
1.85% on average when the output voltage is regulated by the MPC
controller.

Index Terms—Dynamic mathematical model, inductive power
transfer (IPT), maximum energy efficiency tracking (MEET),
model predictive control (MPC), perturbation and observation
(P&O).
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I. INTRODUCTION

NDUCTIVE power transfer (IPT) technology can transfer
I energy from power supplies to loads through electromagnetic
coupling [1]-[4]. As a flexible and reliable contactless power
supply approach, IPT technology effectively avoids electrical
sparks, leakage and other safety problems that exist in plug-in
systems [3]-[5]. With the rapid development of power elec-
tronics techniques, compensation networks design, and couplers
design, IPT systems have already proved their high efficiency
and reliability in the harsh environment. Over the last decade,
this technology has been widely applied in many applications,
such as smartphones [6], electric vehicles [7]-[10], and electric
busses [11], [12].

Usually, an IPT system contains high-frequency convert-
ers, magnetic couplers, high-order compensation networks, and
other nonlinear elements. The complex system structure and
high operating frequency bring in difficulties in the effective
control of IPT systems, especially during transients [13], [14].
For example, in dynamic IPT systems, coupling coefficient and
equivalent load resistance vary when vehicles with receiver coils
are moving [15]-[17]. Even in some stationary IPT systems,
fluctuations of system input voltage and pulsed power loads are
unavoidable. These issues may lead to a sharp decrease in system
efficiency and continuous power oscillation.

To improve power transfer efficiency, some optimal methods
are already adopted for IPT systems [18]-[22]. These meth-
ods can be classified into three main categories, i.e., operating
frequency shifting, dynamic tuning, and equivalent impedance
matching. Changing the operating frequency of the IPT system
can regulate the equivalent load resistance and system output
gain. Thus, higher efficiency can be achieved, especially in some
small-volume applications with low mutual inductance [18].
However, the frequency bifurcation phenomenon may occur
with variable load [23], and the inverter of IPT systems can
hardly achieve zero phase angle [24]. Besides, dynamic tuning
methods [19] are also good for improving system efficiency.
These methods are designed to overcome the detuning of the IPT
system caused by working temperature or aging of inductors and
capacitors. Unfortunately, to dynamically tune the IPT system,
it is unavoidable to increase the volume and complexity due to
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necessary extra passive components and switches. In addition,
dc—dc converters [20], inverters, and active rectifiers [21] of
the IPT system are used for altering the load impedance. The
power losses in coupled coils can be minimized, when converters
are regulated to optimize the currents in the coils. However,
these schemes always idealize passive components and ignore
converter losses of the IPT system when calculating the optimal
efficiency point. Thus, the optimal efficiency will not be actually
activated.

In [22], maximum energy efficiency tracking (MEET) is
achieved by searching for the minimum input power for inherent
given output power. Here, hill-climbing-search, i.e., perturbation
and observation (P&O) method is applied and performs accurate
tracking of the maximum efficiency point. While the IPT system
can operate in MEET with the cooperation of P&O method by
regulating the inverter at the primary side, it performs poorly
in dynamic responding to variations of the load resistance and
the input voltage because of the PI controlled rectifier at the
secondary side.

If the control scheme of the dynamic IPT system performs
poorly in responding to dynamic variations of system parame-
ters, unexpected long settling time and overshoot/ undershoot,
which always indicates power oscillations, will occur. These
frequent power oscillations of the IPT system will sharply reduce
the equipment lifetime. Furthermore, poor system dynamic per-
formance has a great drawback on overall efficiency and working
conditions of motors, batteries, and other electrical equipment,
while imposes additional requirements on volume and reliability
of the whole system [25], [26].

To improve the dynamic performance of IPT systems, excel-
lent controllers and their supporting control schemes for power
converters in the IPT system are necessary. In the past few years,
some optimized control schemes have been utilized to control
power converters in the IPT system, such as optimal PI control
[27] and sliding mode control (SMC) [28]. PI control is a typical
linear control scheme with a simple mathematical model. By
optimizing the controller design, better dynamic performance
could be achieved. However, its dynamic performance is still
limited by the inherent characteristics of the PI controller. Com-
pared with the PI controller, the SMC scheme performs better
in responding to step variations [28]. However, the modeling
process of the SMC is more complicated, which increases the
complexity of the controller.

Model predictive control (MPC) is a promising and advanced
method for power converters. This scheme shows superior dy-
namic performances, and it provides corresponding cost func-
tions for different topologies and different applications. The
MPC controller can predict future behaviors of converters under
different control variables by setting an accurate mathematical
model. Then, the optimum control variable will be chosen to
achieve system control objectives during the rolling calculation
process [29]. Nowadays, owing to its excellent performance,
MPC has been utilized in many power electronic applications,
such as pulsewidth modulation rectifiers [30], grid-connected
inverters [31], and induction motors drives [32].

Recently, MPC has also been proposed to achieve a superior
performance of the IPT system [33], [34]. This controller offers
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a faster dynamic response than the PI control scheme while
it has a simpler mathematical model compared with the SMC
scheme. However, the scheme presented in [33] has not built
a discrete dynamic system mathematical model, and the phase
angles of the inverter and the rectifier are determined by direct
power prediction without a feedback correction rather than by
rolling calculation. As a result, the dynamic performance of the
controller is affected. In [34], the MPC scheme is adopted to co-
operate with pulse density modulation. With rolling calculation
for voltage prediction and cost function optimization, a better
dynamic response is achieved. Unfortunately, the maximum
efficiency point in [34] is also determined by minimizing the
power loss in coils, and the power losses of converters are ig-
nore, which produces more possibilities for mismatching of the
control signals between the calculation results and the optimum
values.

To ensure the dynamic performance of the system, a simple
but accurate discrete mathematical model of the IPT system is
highly desired to cooperate with the MPC scheme to shorten
the calculation time of the microcontroller unit. Some dynamic
modeling methods, such as coupled modes, small-signal mod-
eling, and generalized state-space averaging method have been
investigated [35]-[39]. However, the IPT system is a high-order
and nonlinear system, which makes the calculating process of
the modeling methods above time-consuming.

In summary, few research works have realized MEET in the
IPT system. However, while MEET is actually achieved, the
dynamic response of the IPT system needs to be further improved
by an excellent control scheme with a simple and accurate
discrete mathematical model. Thus, most of the unexpected
transient phenomena, such as power oscillations and overshoot,
can be reduced or avoided. The contributions of this article are
listed as follows.

1) To provide a reliable and simple calculation basis for the
controller of the IPT system, a dynamic mathematical
model of the series—series (SS) compensated IPT system,
based on the active rectifier modeling and phase shift mod-
ulation (PSM), is proposed. The system output voltage
at the next sampling time can be dynamically predicted
without complex calculations. As a result, the calculation
process for the optimal switching operation of the rectifier
can be greatly simplified with good accuracy.

2) A dynamic MPC scheme based on the design of rolling
calculation and the dynamic mathematical model is built to
achieve an excellent dynamic performance of the IPT sys-
tem. Besides, the cost function of the MPC scheme is set
up to shorten the settling time and to reduce the difference
of the control variable of two consecutive control cycles.
Thus, the transient process will be substantially shortened
without obvious overshoot and power oscillations.

3) To achieve MEET, the P&O method is applied to regulate
the phase angle of the inverter to minimize the system
input power. Meanwhile, the phase angle of the rectifier is
controlled by the MPC scheme to obtain a constant voltage
output. Besides, co-operative control principle of MPC
and P&O is also provided to avoid the possible unstable
phenomenon. Simulation and experiment results validate
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Fig. 1. Schematic diagram of the SS compensated IPT system.
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Fig. 2. Mutual inductance circuit model of the SS compensated IPT system.

that MEET can be actually achieved with the P&O scheme,
while the dynamic performance is dramatically improved
by cooperation with the MPC scheme.

II. DYNAMIC MATHEMATICAL MODEL OF SS-COMPENSATED
IPT SYSTEMS

A. Circuit Modeling

The schematic diagram of the SS-compensated IPT system
is shown in Fig. 1. Uy is the system input dc voltage at the
primary side. U, is the output dc voltage at the secondary
side. L; and Ly are the self-inductances of the primary and
secondary coils of the magnetic coupler, and their equivalent
parasitic resistances are Rj,; and Ry, respectively. M is the
mutual inductance between the coupled coils. C; and Cy denote
the series-resonant capacitors, and Cy is the filtering capacitor on
the dc output side of the rectifier. The system operating frequency
is fs, while the angular frequency is w = 27fs. Ry, is the load
resistance. Meanwhile, R is the equivalent impedance on the
ac output side of the inverter; Rqq2 is the equivalent impedance
on the ac input side of the rectifier.

Schematic diagram in Fig. 1 can be simplified to the mutual
inductance circuit model in Fig. 2. The root-mean-square (rms)
value of u; is Uj; the rms value of i; is I;. Similarly, the rms
value of u; and i; are Us and /5, respectively.

The Kirchhoff voltage equations can be established as

U= (Rp%+jWL1+w%l)Il + jwM Iy . 0
0= jwMI + (Ryo + jwla + s + Req2) 2.

To achieve circuit resonance and unit power factor in the
SS-compensated IPT system, resonant frequencies of the pri-
mary side and the secondary should be aligned to the operation

frequency, i.e., w = 1/4/L1Cy = 1//L2C5. Thus, currents in
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Fig. 3. Waveforms of the switching signals and u1, u2, i1, is.

the primary coil and the secondary coil could be solved as

I' _ Uy (Rp2+Req2)

11— w2M2+Rp1(Rp2+ch2) (2)
j _ —jwMU;

2= OEM2¥Rp1(RpatRoge)

According to (2), there is a 90° phase difference between
i1 and iy when the circuit resonates. The waveforms of the
switching signals for the inverter and the rectifier, together with
i1, 9, U1, and us, are shown in Fig. 3. While the PSM method is
applied on both the inverter and the rectifier, due to the band-pass
filtering characteristic of resonant compensations circuits, the
fundamental harmonic approximation can be employed to obtain
the rms value of U; and Us. Thus, the following expression can
be obtained:

U, = 24/cos(a)+1 U,

- ‘ 3)
U, = 2 CO:-(B)+1 Use

where o and (3 are the phase shift angles of the inverter and
the rectifier, respectively. Moreover, Rqq2 can be generally ex-

pressed as
Regp = 22 = <4(“S(7§)“)> Ry. @

B. Dynamic Modeling and Analysis

For this SS-compensated IPT system adopting an active rec-
tifier, a dynamic model can be set up based on the rectifier to
control the system output voltage. When 3 = 0°, the current of
Cy can be expressed as

dUu, . .
Y@ = —sgn(ia) - ia — I, )
where
is = V21 - cos(wt). (6)
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Substituting (6) into (5) yields

dU,
Cy 57; = —V/2sgn(cos(wt)) Iy cos(wt) — I,. (7
After averaging and discretization, (7) can be derived as
du, 2v2

C =l -——1, 8
a S ®)

AU, 22
Cp=? = Io(k) - == = Lo(k) ©)

P s

where T, is the control period of the rectifier, and k indicates the
sampling instant. According to (9), the dynamic model of the
output voltage is given as

AU, (k)=U,(k +1) —

(10)
This model uses the amplitude of resonant current /5, dc
voltage U, and current /, as state variables, which are easy to
sample.
If B # 0°, (10) can be derived as

Utk +1) = | (k) -2 C"S(i(k”“uk»]
+ U, (k). (11)

According to (10) and (11), it is obvious that controlling the
phase shift angle § of the rectifier can regulate not only the
system output voltage U, but also AU,, the increment of the
system output voltage.

III. OUTPUT VOLTAGE REGULATION BY THE MPC
A. Brief Introduction of MPC

To mitigate the dynamic drawback caused by load and voltage
variations in the SS-compensated IPT system, the MPC scheme
is adopted in this article. The MPC scheme is to predict the
system future behaviors based on a predictive model and the
possible control sets. Then, the optimal control operation is
determined in the rolling calculation to minimize the deviation of
the control objectives from their references [29]. MPC presents
several advantages. In theory, for instance, it can be used in a
variety of processes, simple to apply in multivariable systems,
and presents a fast dynamic response. Furthermore, it allows for
nonlinearities and constraints to be incorporated into the control
law in a straightforward manner and it can incorporate nested
control loops in only one loop [29], [30].

B. MPC-Based Controller Design

The principle of the proposed MPC control scheme is shown
in Fig. 4. For SS-compensated IPT systems, the MPC scheme
can be used to control the phase shift angle 3 of the rectifier so
that the system output voltage U, can be as close as possible
to the reference voltage Uget. If the number of times of rolling
calculation is N, (N is the number of the predicted states), the
system control variation m(i) can be defined, where i is the order
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Fig. 4. Principle of the MPC scheme for the IPT system.

of current scroll optimizations (i = 1, 2, ..., N), and cos(fi(k +
1)) = cos(8(k)) 4+ m(i). The control variation m(i) is the change
amount of the cosine value of .

By using the predictive model f, the system output voltage
U,(k + 1) can be predicted as

Us(k + 1)=f {Uo(k), Io(k), I2(k), cos(B(k)), m(i)}

Based on the predicted behaviors and the rolling calculation,
the value of the control variable m(k) at time kT, can be deter-
mined to minimize the deviation of U,(k 4 1) from U and the
deviation of cos(S(k)) from cos(B(k — 1)).

According to (11), the nonlinear predictive model can be
established as (13)

(12)

2\/ (cos(B(k))

f T

m(i) +1)

Ut (k+1)= = Io(k)

+ Uy (k).

The corresponding objective function J of the rolling calcu-
lation can be formulated as

(), Uo(K))

13)

min J(m

Np
J (m(i), Us(k))=a1 > _ |U," (k+1) — Uset|” +a22|m

(14)

where a; and as are the weights of the corresponding term
values, which are normalized. If there is an m(i) that results
in the minimum of J, this m(7) should be adapted as m(k), which
determined the change in cos(/3) at sampling time kT,.

C. Flowchart of the MPC Controller

The flowchart of the MPC controller for dynamically control-
ling the SS-compensated IPT system using the MPC strategy
can be shown in Fig. 5 and is described as follows.

1) Measure the rms values at sampling time k7, of the input
ac of the rectifier I5(k), the output dc voltage of the rectifier
U,(k), and the output dc of the rectifier /,(k).

2) Initialize the control variation m(i) (i = 1), and calculate
the predicted output voltage U, (k + 1) according to (13).
Then, calculate the cost function J(i) by (14).
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Fig. 5. Flowchart of the MPC scheme with PSM in the IPT system.

3) Determine whether the number of times of rolling calcu-
lation i reaches the preset number n, and if so, find the
minimum value of J(i) by bubble sort method. If not, then
i =1+ 1, returning to step (2).

4) According to the minimum value of J(i) that is found in
step (3), the control variation m(k) is determined, and the
phase shift angle (3 of the rectifier at time k is determined.

IV. MEET BY THE P&O METHOD

In the previous section, the MPC controller was used to
dynamically regulate the phase shift angle of the rectifier. But
regulating the phase shift angle of the rectifier will change the
equivalent load of each part of the system and affect the energy
transfer efficiency as well. Thus, upon the MPC of the rectifier
for the phase shift angle regulation, proper control methods are
also necessary to control the inverter to achieve MEET.

A. Analysis of the Overall Efficiency and Power Losses

To achieve MEET in the IPT system, a complete analysis of
the overall efficiency and power losses is necessary. Generally,
power losses of IPT systems can generally be divided into two
parts, one is the power loss in coils and the other is the converter
loss. The system efficiency of the SS-compensated IPT system
can be derived as

P, out P, out

== (15)
-Pi Pout + Pconverter_loss + Pcoil_loss

where P;, and P,y are the system input and output power,
respectively. Peoil loss 1S the power loss in the coils, and
Pronverter loss 18 the converter loss.

Substituting (3) into (2), amplitudes of /; and I, are given as

I — 1 24/cos(B) +
"7 W2M? + Ry Ry ™

1
wM - U,

2 1
+ C"S?EO“RPQU@) (16)
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and

I 1 24y/cos(a) + 1
7 WIM? + Ry Ry ™

wM - Udc

RNCTOED Rp1U0> o

Since the values of the parasitic resistances R},; and Rz can
be ignored, (16) and (17) can be simplified as

_ 2-y/eos(B) +1-Us,

I o (18)
and
2 /cos(ar) + 1 Ugec
Iy, = . (19)

Tew- M

To regulate the output voltage to the desired value, the phase
shift angle of the rectifier should meet

U, \
cos(f) = (;ILRL) -1

Substitute (20) into (18) and (19), the current in the primary
coil 1; and the phase shift angle of the rectifier 8 can be solved

(20)

U2
L= o @n
2R Ugcr/cos(ar) + 1
20U,M
B = 2arccos [ ———2—° (22)
S8R Uq. cos (0‘/2)
Thus, coil loss in this IPT system can be expressed as
Pcoil_loss = I%Rpl + I22Rp2
_ w0l p o Acos@)UR p 23)
~ 4RZUZ (cos(a)+1) Pl T2w2 M2 p2-

On the other hand, the converter loss can be divided into
conducting loss and switching loss, while ignoring the dead time
of the converter signals, these two parts of power losses of the
inverter and the rectifier can be expressed as [40]

5)
P =2rspls + 7\/5[]:[’[2 [2 — 2cos (g)
Py = 2v/2ac Iy sin (§) (Gpethon 4+ Qun) g,

Upplp 3
Py = 2y/2U, I, sin (g) (7%;;’5;“ + ggg) £

where P.; and P9 are the conducting losses of the inverter and
rectifier, respectively, and Ps; and Pgs are the switching losses.
RDS? USD, rsp, Eof-f, QRR’ UDD: ID, and IR'D are some inherit
parameters of the MOSFET in the inverter and the rectifier, which
can be found or fitted in the datasheet of the MOSFET. Substituting
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Fig. 6.  Graphical illustration of the P&O control scheme in the IPT system.

(19), (21), and (22) into (24), one can be derived as

U2(7?RpsU2+4RUspUac-cos( %) (1-cos(5)))

Pa=
¢ 4R% Ugc»cosz(%)
Pc2 =
8RLUspUacwM cos(§)—m2UoUspw? M2+16RLrspU2, cos?(5)

2Ry w2M?2

27Tfs 2 f U2 a on+Eoff QRR

P = tan () ( Upplp 1 Inop
_ 2fonUdc a\ ( Eont+FEotr QRrR
PSQ* TwM COS(Q) ( Upplp + Ir D

w2 M2U2
<\ - ot ey
(25)
As a result, the converter losses in the IPT system can be
expressed as

c1+P02+Psl+P52~ (26)

Pconverter_loss -

B. Design of the P&O Controller for Efficiency Improving

Actually, according to (23) and (25), it is hard to express
the complete and exact expression of the overall power loss.
Moreover, with such complicated nonlinear trigonometric func-
tion calculations, it is also difficult to solve the optimal « to
minimize the overall power loss. However, to achieve MEET in
the IPT system, a simple but available method minimizes the
input power under the premise that the out voltage and power
are ensured. For this purpose, the P&O method based phase shift
control is adopted for minimizing the system dc input current /4,
and the system maximum overall efficiency can be searched by
regulating the inverter phase shift angle «, as shown in Fig. 6.

The inverter phase shift angle « is perturbed by the proposed
P&O controller, and the input power P;, under different «
is compared to determine the searching direction for MEET.
To make sure whether the system has tracked the maximum
efficiency point or not, the system dc input current /4 and
the output voltage U, are fed back into the P&O controller.
The maximum efficiency point will be achieved by minimizing
14, which indicates the minimum P;,, while U, is guaranteed
priority by the MPC controller. If U, is lower than the reference
value, o should be decreased immediately.
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Fig. 7.

Flowchart of the P&O scheme with PSM in the IPT system.

C. Flowchart of the P&O Controller

The P&O-based PSM scheme used in the inverter for achiev-
ing MEET can be shown in Fig. 7 and is described as
follows.

1) Apply the initial phase shift angle a(0) and the change
amount Aq to the inverter and measure the system input
current /4(0), where a(1) = a(0) + Acv.

2) At the next sampling period, the phase shift angle « is
increased by an increment angle A« to obtain the phase
shift angle a(1) of the inverter during the period and
measure the current /4(1).

3) The direction of the perturbation observation (A« is pos-
itive or negative) is determined by comparing /4(0) and
I14(1). If 14(1) < 14(0), it means that the system efficiency
is actually increased, and « is becoming close to the
optimal phase angle avp,¢. Then, o should be continuously
increased by a(k + 1) = (k) + Acv. Here, k represents
the sampling time k7,. If 14(1) > 14(0), it means that
the increase of « deviates from cpt, or the system ef-
ficiency should be decreased by Ac«. Then, « is reduced
by a(k + 1) = a(k) + A, where A« has been converted
to —Acv.

4) For the two directions of perturbation observation, the
output voltage U, and the current in the secondary coil /4
at the sampling time k + 1 are compared with the voltage
and the current at the previous sampling time k. If 7;(k +
1) < I4(k) and |U,(k) — Usget| < Ulim, it means that the
system efficiency is increased and the output voltage U,
still satisfies the system requirement. Thus, increasing «
or decreasing o should be continued to further improve the
system efficiency. If 14(k + 1) > I4(k) or |U,(k) — Uset
> Ui, it indicates that the change of o cannot further
reduce the system input current /4 or the output voltage
U, does not satisfy the system requirement. Then, A«
should be converted to —Aa.
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Fig. 8.  Block diagram of the proposed control scheme for the IPT system.

D. Cooperative Control Principle of MPC and P&O

Due to the time delay caused by sampling circuit,
communication, and MCU calculation, instability issues or
unacceptable inaccurate results may occur in many power elec-
tronic systems, especially in systems that contain two or more
controllers [41]-[43]. In the proposed IPT system, the variation
of the current in the secondary coil /> depends on and lags
behind the regulation of the phase shift angle ov. Meanwhile,
the variation of the current in the primary coil /; and the dc
input current 7y also depend on and lags behind the regulation
of the phase shift angle /3. Thus, if « and 3 are regulated at the
same moment, oscillation or instability of the system may occur
due to the delay in current variation.

Here, two aspects should be considered. First, due to the
possible oscillation or instability of the system, regulation of
the inverter phase shift angle « and the rectifier phase shift angle
[ at the same moment should be avoided. Second, the phase
shift angle 3 should be regulated rapidly to handle the dynamic
variations from the load and the system input. To address the first
issue, the phase shift angle o should not follow the variation of 3
by the same control period T, Then, to address the second issue,
since MPC features a fast dynamic response, it can be applied
to deal with the variations from system power source and loads.
In the specific operation, the MPC controller should be used to
make the output voltage constant as the priority target, and « is
slowly regulated with 7', (T, << T),) as the control period of the
inverter to achieve dynamic MEET by the P&O controller.

V. SIMULATION RESULTS
A. System and Parameters Design

The whole control block diagram of the IPT system is shown
in Fig. 8, the MPC controller and the P&O controller are adapted
for constant output voltage and maximum system efficiency,
respectively. Afterload or input voltage varied, the stability of
the output voltage U, and the output power P, should be
prioritized by the MPC controller. Then, the P&O controller can
tune the inverter phase shift angle o for minimizing the system
input power Pj, so that the maximum efficiency point can be
tracked.
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TABLE I
MAIN PARAMETERS OF THE IPT SYSTEM.

Symbol Parameter Value Unit
L, Coil inductance of the transmitter 184.66 uH
L, Coil inductance of the receiver 568.27 HH
Ry Equivalent resistances of 0.21 Q
Ry Coil resistance of the receiver 0.71 Q
C Resonant capacitance of L, 21.96 nF
C, Resonant capacitance of L, 6.96 nF
M Mutual inductance between the 64.20 uH
transmitter and receiver
Ce Filtering capacitance of the rectifier 940 uF
s System operating frequency 80 kHz
TABLE II

CONTROL PARAMETERS OF THE MPC CONTROLLER AND PI CONTROLLER

Symbol Parameter Value  Unit
T, Control period of the rectifier 500 us
Uset Setting value of the output voltage 100 \%
K, The proportional tuning coefficient 0.3217
K; The integral tuning coefficient 0.8848
N, Prediction horizon 1
a ghe' weight of the output voltage 0.9
eviation
a The weight of the increment of cos(f) 0.1
The number of times of rolling
N . 11
calculation
100. :
= PID
100. — MPCH
100.3 \
2100. ¥W-e,1 Va
99.7 /
99.4--9ov i~ 160V SNV
99.1 i
0.100 0.105 0.110 0.115 0.120 0.125 0.130
Simulation Time(s)
Fig.9. Comparisons of U, between the MPC controller and the PI controller

when Uq. changed.

The software platform SIMULINK is used for simulation
research, and the system input voltage Uq. and the system load
resistance Ry, are dynamically regulated to compare the dynamic
performance of the IPT system under the discrete PI control and
the MPC control. Table I lists the main circuit system parameters.
Parameters of the discrete PI controller and the MPC controller
are shown in Table II.

B. Dynamic Response Comparison Between MPC and PID

Comparisons of U, between the MPC controller and the PI
controller, when U,. changed and R; changed, are shown in
Figs. 9 and 10.

In the first test, the input dc voltage U, steps from 90 to
160 V at 0.105 s, and backs to 90 V at 0.120 s. When Uy steps,
the system can still return to the steady state in a short time, as
presented in Fig. 9. The average time to return the steady state is



LIU et al.: DYNAMIC IMPROVEMENT OF IPT SYSTEMS WITH MEET USING MPC: ANALYSIS AND EXPERIMENTAL VERIFICATION

100. = PID H
= MPC

50Q | 70Q N 50Q R
99.6F -1 =1 -
0.100 0.105 0.110 0.115 0.120 0.125 0.130
Simulation Time(s)

Fig. 10. Comparisons of U, between the MPC controller and the PI controller
when R, changed.
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Fig. 11.  Comparisons of 7 in the simulation between the system with MEET
and without MEET.

about 1.67 ms with the MPC controller, while the system costs
are at least twice as long to return the steady state by using the
PI controller.

In the second test, the system load Ry, steps from 50 to 70 €2
at 0.105 s, and backs to 50 2 at 0.120 s. The waveforms of U,
under such load variation are shown in Fig. 10. With the MPC
controller, when R, steps, the system returns to the steady state
in about 1.22 ms on average. Similarly, the PI controller needs
twice settling time for returning U, to the steady state.

C. Overall Efficiency and Power Loss Comparison

Meanwhile, the system efficiency 7 can be improved by
the P&O controller. Setting the system load Ry, to 70 €2, and
Uqge 1s increased from 60 to 170 V to test the effect of the
P&O method under different Ug.. In the simulation, after a
searching process for the minimum system input current, the
phase shift angle of the inverter and the rectifier can be obtained
by using SIMULINK. Moreover, to achieve an accurate analysis
of power losses in the IPT system, including converter losses and
coil losses, LTspice software is applied to compare the overall
efficiency 7 of the system with or without MEET. The simulation
results are shown in Fig. 11. When Ug. = 120 Vand R;, =70 €2,
simulated power loss distributions of the IPT system with and
without MEET are shown in Fig. 12.
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Fig. 12.  Simulated power loss distributions when Ug. = 120 V and R}, =
70 Q (a) without MEET and (b) with MEET.
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Fig. 13.  Schematic diagram and parameters of the coupled coils.

VI. EXPERIMENTAL VERIFICATION

A. Prototype Setup

In order to verify the feasibility of the proposed controllers,
the experimental setup of a SS-compensated IPT system is built.
The system consists of a dc voltage source, a high-frequency
inverter, a pair of coupled coils and their resonance compensa-
tion networks, a rectifier, a load, and controllers with sensors.
The structure and relevant parameters of the coils are shown
in Fig. 13. The controller uses low-cost MCU STM32F103. A
photograph of the complete experimental setup, with parameters
in Table I, is shown in Fig. 14.

B. Dynamic Response Comparison

Under the MPC scheme and the PI control scheme, when the
system load resistance Ry, steps from 50 to 70 €2, the waveforms
of U,, u1, is, and i; are shown in Figs. 15 and 16. As shown in
Fig. 15, with the MPC controller, the system output voltage U,
is kept stable when the load resistance Ry, steps and the current
i1 decreases accordingly with increased load. Meanwhile, no
overshoot voltage can be observed.

As shown in Fig. 16, with the PI controller, when the load
steps, the system output voltage U, has a large oscillation. The
overshoot voltage is about 23.7 V, and the settling time is about
204 ms, which is much larger than the system with the MPC
controller.
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Fig. 15.  Waveforms of U,, u1, i1, i2 when Ry, is changed from 50 to 70 €2
with the MPC controller.
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Fig. 16.  Waveforms of U,, u1, i1, i2 when Ry, is changed from 50 to 70 €2
with the PI controller.

Under the MPC control and the PI control, when the system
input voltage Ug. steps from 120 to 90 V, the waveform of
U,, ui, is, and iy are shown in Figs. 17 and 18. As shown in
Fig. 17, when the input voltage Uq. is changed, the system output
voltage U, presents no significant variation by using the MPC
controller, and the inverter input voltage u; reduced accordingly
and smoothly when Ug. steps from 120 to 90 V within about
15 ms.

As shown in Fig. 18, under the PI control, when the input
voltage steps, the system output voltage U, has a large overshoot
and transient process. The overshoot voltage is about 15 V, and
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Fig. 17.  Waveforms of U,, u1, i1, io when Uq. is changed from 120 to 90 V
with the MPC controller.
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Fig. 18. Waveforms of U,, u1, i1, i when Ugq. is changed from 120 to 90 V
with the PI controller.
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Fig. 19. Comparisons of the settling time of U, between the MPC controller

and the PI controller when Ugq,. steps.

the settling time is about 174 ms, which is much larger than the
system under the MPC control.

The experimental results in Figs. 19 and 20 show that the
MPC method has better dynamic performance when Ug. or Ry,
changes, compared with the traditional PI control method. The
improvement of the settling time is on average about 85.7%.
Furthermore, the overshoot is smaller and hard to measure under
the MPC control, which significantly improves the dynamic
performance of the SS-compensated IPT system.
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Fig. 21. Waveforms of U,, i1, iz in search process of P&O.

C. Efficiency Improving Results of MEET

Subsequently, another test is taken to further validate the
MEET by using the proposed control method. The load resis-
tance Ry, is set to 50 2. The input voltage Uy is 120 V. The phase
shift angle 3 of the rectifier is regulated by the MPC controller,
and the phase shift angle « of the inverter is regulated by the
P&O controller to improve the output efficiency.

The waveforms of U,, i1, and i» during the process of the
P&O scheme are shown in Fig. 21. As shown in Fig. 21, when
the system input voltage Ug. and the load resistance Ry, are
fixed, regulating the phase shift angle of the inverter o by the
P&O controller can effectively reduce the system input current
I; and the current in the secondary coil i. In the process of
reducing io, the phase shift angle /3 of the rectifier with the MPC
controller is also reduced. Thus, the power loss in the secondary
coil can be obviously reduced and the energy transfer efficiency
of the system is actually improved. After a searching process for
the optimal efficiency point, the MEET effect can be achieved.
In some specific operations, when the system output voltage U,
continues to be less than the system set value for a while, the
inverter phase shift angle o will be automatically reduced to
ensure the requirements of the output voltage and output power.

After verifying the feasibility and effectiveness of the algo-
rithm, the load resistance Ry, is set to 50 €2, and the energy trans-
mission efficiency 7 is measured when the system is controlled
by P&O method under different input voltages Uyc.
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It can be seen from Fig. 22 that the larger the input voltage
Uy. 1s, the lower the system energy transmission efficiency n will
be. And as expected, system efficiency is significantly improved
when the system is controlled by the P&O method to track the
maximum efficiency point of the system. The experiment results
show that the maximum improvement is over 3%.

D. Comparison to Previous Methods With MEET

The idea for achieving MEET in IPT systems has been pub-
lished in some papers [21], [44]-[47]. However, it should em-
phasize that the main objectives and contributions of this article
are to optimize the system overall efficiency with an excellent
dynamic response by using the MPC controller. Therefore, the
main focus of this article is quite different from previous works.
In order to clarify the novelty of this article, the comparisons
with the state-of-the-art are discussed below.

In [44] and [45], a method by regulating the duty cycle of
the dc—dc converter including BUCK and BOOST converter is
proposed to maintain the output voltage while improving the
system efficiency by P&O [44] and linear control scheme [45].
This method does improve the overall efficiency of the IPT
system. However, these two dc—dc converters will bring extra
power loss, which limits the further improvement of the system
efficiency. Besides, the overshoot and the settling time of the
output voltage still need to be improved.

In [46], a method by regulating the phase-shift of the active
rectifier to adjust the load impedance is proposed to improve the
system efficiency, while a dc—dc converter is applied to provide a
controllable output control. However, this proposed method can-
not maintain a high efficiency with various coupling coefficient
and loads. Besides, the dynamic response of the output voltage is
missing in [46]. In [21], the active rectifier is used to regulate the
resistance and reactance of the load to improve the efficiency,
while the inverter is regulated for a constant output voltage.
However, the mutual inductance should be fixed and need a
measurement for improving the efficiency. Moreover, according
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TABLE III
SUMMARY AND COMPARISON OF THE PREVIOUS MEET METHODS
Operating . . - Maximum Maximum
References frequency Air gap Coupling coefficient efficiency settling time Overshoot
[44] 515kHz 3~27cm 0.03~0.61 88%
<300ms -6V
[45] 200kHz 2.5cm, 3.3cm, 4.5cm | 0.1217,0.1739, 0.2541 90% (R:55Q—10Q) (U,:30V,
L R:55Q—10Q)
[46] 140kHz 0.3cm, lem 0.3,0.6 83%
>40V
>200ms
[21] 30kHz 10cm 0.186 91.70% . (U,:120V,
(R1:30Q—20Q) R.:30Q-200)
>20ms =15V
[47] 85kHz 15cm 0.217 91.57% . (U,:100V,
(RL:200Q—600) R.200Q—60)
s ~0.1V
This paper 80kHz 12cm 0.201 93.69% . (Uy:100V,
(R.:70Q—50Q) RLT0Q500)
to the waveforms in [21], when load resistance changes, the REFERENCES

overshoot and the settling time of the output voltage still need to
be taken seriously. In [47], the active rectifier is used to optimize
the current-stress of the WPT system. The system efficiency can
be improved by reducing the current-stress of the converters.
However, this method may not achieve the optimal overall
efficiency because the coil loss is not considered. Moreover,
the waveforms in [45] show that the settling time of the output
voltage is more than 20 ms when load resistance changes, and
the overshoot cannot be ignored either.

Compared to the previous methods, the contributions of this
article are that a stable output voltage can be ensured when
the load resistance, input voltage changes, or the phase shift
angle of the inverter changes. The settling time of the output
voltage will be sharply shortened with a minor overshoot in
the MEET process, while the maximum overall efficiency is
actually achieved. Besides, the proposed system is able to obtain
a higher overall efficiency compared with the system with dc—dc
converter. The key parameters of these mentioned methods
above are summarized and listed in Table III.

VII. CONCLUSION

In this article, the MPC controller is applied to control the dc
output voltage of the rectifier of the SS-compensated IPT system.
Compared with the traditional PI controller, this control scheme
has a better effect in improving the dynamic performance of the
IPT system. Experiment results show that when the system input
voltage or the load resistance steps, the settling time is short-
ened by 85.7%, and the overshoot is hardly seen under various
conditions. Such improvement of the dynamic performance can
effectively protect the load equipment from the potential-high-
voltage overshoot with the long settling time. While maintaining
the output voltage stability by the MPC controller, using P&O
scheme to regulate the phase shift angle of the inverter can
effectively improve the system efficiency by 1.85% on average.
In future work, a complete IPT system considering more details,
including shielding, ZVS operation, parameter estimation, etc.,
will be built for a practical and reliable dynamic IPT system.
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