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Abstract—This paper presents a finite-control-set model pre-
dictive control (FCS-MPC) strategy for pulse density modulation
(PDM) in inductive power transfer (IPT) systems. The main
purpose of this method is to suppress current/power ripples
while ensuring high efficiency and fast dynamic response. The
proposed control method is based on a nonlinear model of the IPT
system when charging a battery appearing as a constant voltage
load (CVL) and considers all the possible switching states for
each period within the control horizon. The switching states are
obtained based on optimal decision variables at each sampling
time which provide the minimum value of the cost function.
This results in the skipping of voltage pulses, which ensures
that zero voltage switching (ZVS) occurs over the full range
of operation. Moreover, by predicting the future behaviour of
the studied system, the proposed control method will inherently
suppress oscillations that can be excited by the skipped voltage.
As a result, the system’s performance is improved with respect
to high efficiency and fast dynamic response. The effectiveness
and performance of the proposed control method are verified by
the simulation results.

Index Terms—Constant voltage load, finite-control-set model
predictive control, inductive power transfer, suppress oscillations.

I. INTRODUCTION

Inductive power transfer (IPT) technologies are becoming
increasingly popular for various applications such as mobile
devices, marine transportation, and electric vehicles (EVs)
[1]. This technology offers several advantages over traditional
wired charging methods, including significant flexibility, con-
venience, high reliability, and the capability of becoming fully
automated without the necessity of lengthy and expensive
cabling [1], [2]. However, to achieve maximum efficiency, IPT
systems must be able to ensure soft switching with controllable
power transfer over the full required operating range. In high-
power transport applications, this can be challenging under
highly variable conditions such as a large changes in coupling
and output power. Therefore, in order to guarantee optimal
efficiency and fast dynamic response during power transfer
using model-based control methods, an accurate dynamic
model of the system is essential.
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For high-power battery charging applications series-series
(SS)-compensated IPT systems with a diode-rectifier on re-
ceiving side are often most suitable. In such systems, the
receiving side diode rectifier allows for minimizing the number
of components, costs, and losses, but implies that the system
must be fully controlled from the sending side. [3]. In the
previous literature, IPT systems are usually modelled with a
constant-resistance load (CRL) [4], [5]. However, this model
is not adequate for the dynamic analysis and control system
design of battery charging systems. Instead, a constant voltage
load (CVL) can be used to represent the practical condition
of a battery connected directly to the rectifier terminals on the
receiving side [6].

Modulator based control methods such as phase-shift modu-
lation (PSM) is the most common technique for power control
and voltage regulation among control methods in IPT charging
systems [7]. However, this technique results in increased losses
and reduced system efficiency at low output voltage due to the
hard switching. To overcome this challenge, pulse skipping
modulation such as pulse density modulation (PDM) [8] and
ON-OFF keying (OOK) modulation [9] are used in such sys-
tems to accomplish soft switching in the full operating range.
These methods can always achieve zero voltage switching
(ZVS) under different power conditions by skipping pulses
for adjusting the average sending voltage. However, these
methods can excite a poorly damped oscillation mode in IPT
systems with CVLs, which can result in high current/power
ripples [10]. To solve this problem, an active damping method
to attenuate the oscillations caused by the skipped pulses of
the PDM is presented in [10]. However, the active damping
method transiently introduces a PSM, which implies hard
switching and increased losses.

Model predictive control (MPC) methods are widely in-
vestigated for power electronic applications due to significant
increase in the computing power of microprocessors, which
can perform the large amount of calculations with high speed
and lower cost [11]. Recently, these methods have been used
for IPT charging systems to improve the dynamic response
of power control and voltage regulation [12]-[14]. MPC is
an optimal control method that aims to solve an optimization
problem over a prediction horizon at each sampling step. There
are several advantages of using this technology, including fast



dynamic response, consideration of non-linearity dynamics,
uncertainty, and constraints of state variables and input vari-
ables [11]. Generally, MPC is divided into two categories:
continuous control set MPC (CCS-MPC) and finite control
set MPC (FCS-MPC). The CCS-MPC calculates a continuous
control signal and then uses a modulator to generate the output
voltage of the converter [15]. In contrast the FCS-MPC is able
to consider switching behaviour in control algorithm, which
leads to a decrease of delay between the control and actuation
stages due to avoiding the need for modulators [16].

This paper proposes an FCS-MPC implementation for IPT-
based EV charging systems by considering a nonlinear dy-
namic model of CVL for power flow control and ripple
reduction. In contrast to the PI-based control methods, the pro-
posed FCS-MPC strategy provides a faster dynamic response
and can effectively overcome the effects of disturbances, and
nonlinearities, while reducing the current/power ripples [10].
The proposed method can guarantee efficiency and power
regulation by considering the nonlinear dynamic model of
the system in the presence of CVL, which has been ignored
in previous MPC-based control methods for IPT charging
system in [13]-[15]. Furthermore, the modulators such as
PSM, PDM, etc., have been used in these papers to achieve
the switching sequences for power converters [13], [17]. As
opposed to the previous methods, the proposed FCS-MPC
control method avoids the delay between the control and
modulator stage by considering the switching characteristic in
the control algorithm. Moreover, compared to the first FCS-
MPC proposal for an IPT charging system with CVL in [16],
the presented implementation in this paper does not require a
low-pass filter (LPF) in the feedback control loop to prevent
large current/power ripples.

The main purpose of the proposed control method is to reg-
ulate the power transfer, while minimizing the current/power
fluctuations by determining the optimal control signals. In this
regard, the FCS-MPC approach utilizes a prediction model to
estimate future system behavior, including state variables and
output power. Therefore, current/power ripples are inherently
suppressed by minimizing a multi-objective cost function,
defined as the difference between predicted and reference
values at each sampling instance. Furthermore, the proposed
control method can guarantee the soft switching performance
by skipping of the voltage pulses, while maintaining high
efficiency with fast dynamic response. The confirmation and
performance of the proposed FCS-MPC control method for
IPT system with CVL by considering different cost functions
in control algorithm is validated by simulation results. In this
regard the proposed FCS-MPC control method with/without
the damping term is evaluated and compared to suppress
current/power ripples.

II. CONFIGURATION OF IPT SYSTEM WITH CVL

Fig. 1(a) shows the electric circuit of the SS-compensated
IPT charging system with CVL. The equivalent circuit of such
system with both CRL and CVL modes is illustrated in Fig.
1(b). As can be seen, it consists of a high-frequency full bridge
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Fig. 1. (a) Schematic diagram of SS-compensated IPT charging system with
CVL, (b) Equivalent circuits using fundamental harmonic approximation with
CVL or CRL.

inverter with a constant dc voltage source as input voltage
Vie,in on the primary side. i1, i2, v1 and v are defined as the
sending/pickup currents and voltages, respectively. Ry, C1, L1,
and R,y, Co, Lo are series equivalent resistance, capacitance
and inductance of primary and secondary coils, respectively,
and M is the mutual inductance between two coils.

According to the first harmonic approximation in a syn-
chronously rotating dq reference frame, the non-linear state-
space model of the SS-compensated IPT system with CVL
can be referred to [3]. This model can be given by:
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where x = [il,d le’q Z'2,d ig’q Vel,d Vel,q Ve2,d ’l}cqu]T is state
variable in dqg model, u = [v14 v1,4]7 is output voltage of
the full-bridge (FB) inverter on the primary-side as control



signal. By aligning the voltage vector to the d axis, the output
voltage of the g channel v; , = 0. Therefore, the input control
signal is simplified as v = v1 4. Lo1 = L1 — MQ/Lg and
Lo = Lo — M? /L, are leakage inductance of sending/pickup
sides. Furthermore, to achieve the maximum coil-to-coil effi-
ciency in the IPT systems, the operating angular frequency
w should be equal to the resonant angular frequency wq [18],
where wg = 27 fjy, and f is resonance frequency which should
satisfy fo = 1/2mv/L1C1 = 1/2m\/L2Cs. vg 4 and vg 4 are
dg-components of the pickup voltage which is different for
the CRL and CVL models [10]. The nonlinear term associated
with the CVL characteristics of the studied IPT system can be
defined by (4), where Vj o4 is expressed as the dc output
voltage value.
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Furthermore, the output power P,,; is considered as the output
signal (i.e, y), which in dq reference frame can be calculated
as:
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III. PROPOSED CONTROL SYSTEM DESIGN

A design and implementation of the FCS-MPC method for
power control and elimination of oscillations in an IPT system
with CVL is presented in this section. A schematic overview of
the proposed FCS-MPC control method for the studied system
is shown in Fig. 2. To calculate the proposed FCS-MPC control
commands, as a first step, the future behaviour of the system
will be predicted based on the measured/estimated values of
the inductor currents and capacitor voltages on both sides in
the current sample & (i.e., 2(k)). In this regard, a discrete-
time form of the continuous-time dynamic model of the system
from (3) for a sampling time (7) with the measured/estimated
values at the present discrete sampling instant (k) is used.
The derivative of system as a discrete-time model can be
approximated by the forward Euler approach as follows:

de(t)  x(k+1)—a(k)
dt T,
The nonlinear state-space representation of the system based

on an average discrete-time model can be represented as
follows:

P, ®)

(6)

2(k +1) = 2(k) + T (2 (k), u(k)) )

where x(k) and z(k + 1) are defined as the state vectors
at k and (k + 1) instants (previous and predicted values),
respectively. k = nT,,n € Z7T is sample instant, and
T, = 1/(2fo) is the sampling time of the MPC controller.
u(k) is control signal, which is d-axis of the output voltage
of the FB inverter on the primary-side. It can be defined as
v1,4(k) = U2 Vye i where U € {—1,0,1} to be consistent
with the discrete nature of the inverter as finite control decision
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Fig. 2. The block diagram of the proposed FCS-MPC control method.

variables. According to this explanation, the nonlinear average
discrete-time model of system in (7) can be rewritten by:

x(k) + Ts f (x(k))
w(k) + T f (x(k), v1,a(k))

U=0
U=1 or —1
3)

In the second step of the proposed control design, the
predicted values x(k + 1) and the reference values (Pr.f
and 41 ,.f) are selected as a cost function based on control
objective. The cost function is calculated to achieve the control
objectives (power tracking and oscillation reduction). This
control design is primarily intended to achieve minimum
tracking errors. In this regard, a preliminary cost function is
proposed in equation (9) with the only purpose of regulating
the output power (F,y:) to the reference power (Pr.f) to
achieve a minimum power tracking error.

x(k+1):{

Ji(k) = (PP (k +1) = Prey)® )

where P, and P}, (k+1) are output reference and predicted

power, respectively. The predicted output power of IPT system
with CVL is calculated as:
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As shown in Fig. 3, by using the cost function (J),
the proposed FCS-MPC can track the power reference with
fast response, but there can still occur current/power ripple.
Therefore, to address this issue, a multi-objective cost function
consisting of two weighted terms is defined as given by (11).
It can be seen that by adding the damping term, the proposed
FCS-MPC can significantly reduce the current/power ripple
while retaining high performance and fast dynamic response.

Jiot (k) = M J1 + AaJa (11)

To demonstrate the exact performance of these two objec-
tives, the first objective .J; represents power tracking by mea-
suring the difference between the predicted output power and
its reference value. The second objective (Js) is responsible
for suppressing current/power oscillations as a damping term,



400 T T T T T T T

- Without damping ter

Sending Current

Pickup Current

20 I I I I I L I
1 2 3 4 5 6 7 8 9

Time (s) %107

Fig. 3. Performance of the IPT system using the proposed FCS-MPC with
different cost function.

which is calculated by Jo = (i§(k + 1) — il,ref)Z; therefore,
the total cost function can be rewritten as follows:

Jrot(k) = A1 (PPy(k +1) = Preg)® + Ao ((k + 1) — i1,rey)
(12)

where A\; and Ao are the weighting factors which represent
the deviation and damping terms, respectively. The weighting
factor is used to balance control objectives and constraints that
affect the performance of the proposed control method. It is not
easy to determine the appropriate weighting factors in order to
achieve the desired behaviour of a system. In fact, to obtain
the value of weighting factor, several factors must be taken
into account, such as the peak value, settling time, oscillation
magnitude, etc. In this paper, the trial and error method is used
to obtain the appropriate weighting factor. In this way, figures
of merit are defined depending on the application, and a series
of simulations are performed to find the most appropriate value
[20]. Moreover, z‘f (k+1) and 41 ey are predicted and reference
values of sending current, respectively which can be expressed
by:

Blk+1) = /@ (ke + 1)+ @ (k+ 1) (13)
. Py
res = (14)

where Vi ,om 1s nominal value of sending voltage and
i, 4q(k + 1) is defined as dg-components of the predicted
sending current.

Finally, the optimization problem is used to find the optimal
values of the decision variables that will minimize the cost
function and achieve the desired objectives (e.g., v1,4). To
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Fig. 4. Control signal waveform using the proposed FCS-MPC.
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2 achieve accurate control of the power transfer and suppress

the power/current ripple, it is necessary to obtain the optimal
control sequence at each sampling time over prediction hori-
zon, which is achieved by solving the cost function subject
to constraints imposed by the system. In light of this, the
output of the proposed FCS-MPC is the result of the local
optimization problem. Hence, the value of U,y in Fig. 2
can be determined by minimizing the cost function at each
sampling time (i.e. a half cycle Ty = 0.5T%,), which is
expressed as follows:

Uopt(k) = argmin Jyoe (k)
Eq(1) - (7),

Z.1,min < il < 7:1,7)1(19671'2,7711% < i2 < i2,maa¢
and Uy, € {—1,0,1}

5)

subject to:

So that at any sample time the minimum index k¥ which rep-
resents minimum Jyo; is found and Upp (k) = {u*(k), u* (k+
1), ...} is considered as the output of the optimization problem.
There exist 3%V voltage sequences and only its first element
i.e., u*(k) is applied to the pulse pattern at each sampling
time. Then the prediction horizon is shifted one step forward,
and these steps are repeated each sample time with updated
measurements or estimations.

Fig. 4 shows an example of a control signal waveform
using the proposed FCS-MPC. As can be seen, the optimal
control decision variable U,,, € {—1,0,1} is selected at
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Fig. 5. The operating principle of the proposed FCS-MPC (steady-state).

each sampling time. Then, based on the positive, negative and
skipping pulse operations, the value of v; 4 equals the peak
value of the first harmonic approximation of the input voltage
or zero. When the optimal decision variable is selected as
Uopt = 1, the reference square wave signal is applied to each
leg of the FB inverter v; (corresponding to vy ¢ = 4/ Ve in
and independent of whether it is in the positive or negative
half cycle). If U,,,; = —1, the opposite voltage to the reference
square wave signal (i.e. related to vy 4 = —4/7 - Vg in and
independent of whether it is in the positive or negative half
cycle) will be applied. Otherwise, zero voltage will be applied
if Uypt equal to zero leads to the minimization of the cost
function. Furthermore, the operating principle of the proposed
FCS-MPC is illustrated in Fig. 5. It can be seen that the
manipulated variables are {-1,0,1} as all possible solutions. At
each time step, the states are computed then the cost function is
evaluated for each of these voltage vectors, and finally, the one
decision variable that has the smallest cost value is selected.
Normally, all possible combinations should be considered to
find the optimal control signal (i.e., U,p). In this regard, there
are three different combinations from time step k£ to k+ 1 and
at the next time step 32. It can be stated that the number of
possible combinations increases exponentially with N (3™V).
Therefore, in this paper, IV is set equal to one in order to
avoid a high computational burden.

IV. SIMULATION RESULTS

In section III, a multi-objective cost function has been
presented to suppress oscillations caused by CVL character-
istics. A trade-off between oscillation damping and steady-
state error should be considered, which can be addressed
by tuning weighting factors A; and Ay. This method can
ensure the system performance with very low current/power
ripple, high efficiency and fast dynamic response. To validate
the effectiveness of the proposed FCS-MPC method for SS-
compensated IPT systems with CVL, simulations have been
conducted with a model in Matlab/Simulink. The parameters
of the proposed IPT system are provided in Table I.

Fig. 6 shows the performance of the studied IPT system us-
ing the proposed FCS-MPC method when operated in steady-
state performance at 0.75PF,,,,,,. As can be seen the proposed
control method can eliminate current/power ripple of the IPT
system. The result of the IPT system with proposed control
method by considering the total cost function (J;,) is shown
in Fig. 6(b). In comparison to Fig. 6(a), in which the control
algorithm only used the standard power tracking cost function

(J1), current/power oscillations have been greatly reduced. It
can be verified based on the peak-to-peak sending current,
which has been reduced to 36.8 A through the proposed control
method with damping term compared to 40.2A in case without
damping term. Indeed, as shown in Fig. 6(a), the proposed
control method with only tracking cost function (J;) does not
provide an accurate response and has a large power/current
ripple due to a poorly damped oscillation mode of IPT systems
with CVL. However, these power and current fluctuations can
be significantly reduced by adding the damping term (J2)
in the total cost function (Jy,:) and adjusting the weighting
factors (see Fig. 6(b)). Furthermore, to validate the ZVS per-
formance of the IPT system using the proposed FCS-MPC, the
closed-loop system is tested under different power variations
as seen in Fig. 7. It can be verified that the IPT system using
FCS-MPC always achieves soft switching conditions, while
ensuring low switching losses and thereby high efficiency.

Additionally, to confirm the dynamic performance of the
proposed FCS-MPC, the response to a change of the power
reference is presented. Fig. 8 shows a comparison of the
dynamic response of the power transfer and sending/pickup
current using the proposed FCS-MPC control methods under
reference power change in the system without/with damping
term (i.e, second cost function (.J2)). It is assumed that a step
change in the reference power is imposed from the initial value
of Prey = 0.6FP0m t0 Prey = 0.75FP,,p, at t = 5ms. It
can be seen that in both cases, the transferred power reaches
steady-state very quickly, after only 0.5ms. However, the
proposed control method without a damping term produces
a large current/power fluctuations. By adding the damping
term in the conventional MPC method and using a multi-
objective cost function, the FCS-MPC can reach the steady-
state and significantly suppress oscillations. As the results
indicate, the transferred power of the system utilizing the
proposed FCS-MPC with the damping term is smoother than
that of the system using the proposed FCS-MPC without
the damping term. Moreover, the maximum sending current
amplitude of the undamped system has fluctuation compared
to the system with the added cost function J, which remains
stable throughout the entire process. Thus, the proposed FCS-
MPC based on a multi-objective cost function can effectively
suppress current/power ripples in any situation.

As previously mentioned, the nonlinear state-space model
of the IPT system with CVL is derived by first harmonic ap-

TABLE I
ELECTRICAL AND CONTROL PARAMETERS.

Electrical Parameters of the IPT system

Parameter Symbol Value
Nominal Power Prom 440 W
Nominal Sending Voltage V nom1 52V
Nominal Receiving Voltage V2 nom 50 vV
Nominal Coupling Coefficient ke 0.18
Resonance Frequency fo 85 kHz
Primary/Secondary self inductances Li/L2 31.24/30.85 nH
Primary/Secondary capacitances C1/Co | 117.83/113.64 uF
Primary/Secondary Resistances Ri/R2 0.0525/0.0555 Q
Detuning factor Te 1.05




7]
=

Sending Voltage
o

-2 A=

Sending Current

-4—36.8 A=

<

-10

Pickup Current

-—26.7 A==

350
340
£330
S
=]
<320

310

300 s
6 6.15
Time (s)
()

6.2

6.15
Time (s)

(b)

6.2 6.25 6.3

x107

Fig. 6. Steady-state performance of the IPT system using the proposed FCS-MPC at Py..; = 0.75Py0m: (a) with the cost function J1, (b) with total cost

function Jiot.

50 T T T T T T T T T
420
9 ~
< oM Jo S
> -
L 20
2 | | | | { | | | |
50 : T T T T T T T T
L
120
s‘ —_
< of {0 £
> -
4-20
=0 | | [ | { | | i |
50 T T T T T T T T T
L
420
= <
. or 0 =
> -
4-20
i | | | ] | | i | |
22 221 222 223 224 225 226 227 228 229 23
Time (s) %107

Fig. 7. ZVS operation of the IPT system using the proposed FCS-MPC under
different power: (a) 0.5FPnom, (b) 0.75Pn0m and (c) 0.875Pnom,.

proximation in a dgq synchronous reference frame. To validate
the dynamic performance of the proposed control method in
this reference frame, the dg-components of the sending/pickup
currents (i.€., %1,4q,%2,d¢) are shown in Fig. 8 and Fig. 9.
As can be seen, the sending/pickup current amplitude in

Power

Sending Current

Pickup Current

Time (s)

Fig. 8. Performance of the IPT system using the proposed FCS-MPC without
damping term.

dq model (i.e., |igq| = /i3 +142) can reach the steady-
state condition very quickly about 0.1ms in the both case
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Fig. 9. Performance of the IPT system using the proposed FCS-MPC with
damping term.

with/without damping term, while ensuring very low current
fluctuation using the proposed FCS-MPC with the damping
term. Therefore, the results in this case study verify that the
proposed FCS-MPC strategy provides superior performance
with a fast dynamic response, and eliminate current/power

ripple.

V. CONCLUSION

The IPT systems with CVL can experience large oscillations
in the sending/pickup current amplitude when using pulse
skipping modulation strategies. To address this challenge an
FCS-MPC is presented in this paper. In the process of control
design a cost function with multiple control objectives is
considered including the power tracking term and damping
term. This method can inherently eliminate current/power
ripples by predicting the future behaviour of the IPT system
and determining the optimal switching state at each sampling
time. Moreover, the proposed control method can achieve
maximum power with fast dynamic response while ensuring
soft switching operation. Simulation results confirm the effec-
tiveness of the proposed FCS-MPC method.
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