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Comparative Studies of Front-End Model Predictive
Control for Direct Inductive Power Transfer Systems
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Abstract—In this article, two transmitter-side model predic-
tive control (MPC), namely, a model predictive-based phase shift
control (MPPC) and a model predictive-based frequency control
(MPFC), are proposed for direct inductive power transfer (IPT)
systems. Both MPC strategies are empirically verified to have
better dynamic responses than the proportional-integral (PI)-based
counterparts using inexpensive digital controllers, but the MPFC
is proven to be better than the MPPC for direct IPT systems if
variable frequency operations are allowed. Both simulation and
experimental results confirm that the MPPC will suffer from
notching effects and high-order harmonics caused by the dead
time of transmitter-side inverters, while the MPFC is immune
from the dead time effects. The results also validate that the
MPFC with a parallelly proposed initial frequency selection al-
gorithm can cover the shortcomings of the MPPC in achieving
soft switching for IPT systems over wide load conditions. Besides,
the transmitter-side inverter with MPFC is demonstrated to have
lower radiation noise than the same inverter with MPPC in
practice.

Index Terms—Dead time, inductive power transfer (IPT), initial
frequency selection, model predictive-based frequency control
(MPFC), model predictive-based phase shift control (MPPC).

1. INTRODUCTION

O ALLEVIATE the hassle of wired charging in consumer
T electronics, power tools, electrified transportation, and
medical equipment, inductive power transfer (IPT) technologies
have been developed rapidly over the last two decades [1].
A typical example is that the control technologies of IPT are
oriented from compatibility to higher efficiency [2], [3], [4],
[5], faster dynamic tracking [6], [7], [8], more robust against
disturbance [9], [10], [11], better thermal management [12],
[13], lower electromagnetic interference (EMI) [14], [15], etc.
Nevertheless, the development of wideband gap (WBG) semi-
conductor devices will further push the boundaries of control
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technologies to enable IPT systems with higher power and
higher frequency operations [16]. A new control paradigm for
the next-generation IPT is illustrated in [17] to showcase its huge
benefits on receiver manufactures by extensively simplifying the
receiver circuits. The core concept of the new control paradigm
is to shift all the receiver-side controllers to the transmitter side,
such that the main power circuits of the IPT system, auxiliary
power supplies of controllers, and protection circuits can be
significantly reduced to enhance the overall efficiency of the IPT
system, and the reliability, cost-effectiveness, and power density
of the receiver. Direct IPT system refers to an IPT system with
only active switches at the transmitter side, while the rectifier
circuit at the receiver side is passive. Therefore, all the control
schemes are designed for the power converters at the transmitter
sides, and primary-side control for the transmitter-side inverter
becomes crucial for the power flow regulations of direct IPT
systems.

Primary-side IPT control is not new, as its early form has been
reported in [18]. The output voltage of the studied IPT system
with an LCL transmitter circuit and an LC parallel receiver
circuit is regulated by a proportional-integral (PI)-based phase
shift control via a low-latency communication from the receiver
to the transmitter. Primary-side PI-based frequency control is
an alternative to the primary-side PI-based phase shift control.
In [19], a center frequency selection algorithm is proposed to
control an IPT system with an active rectifier at the receiver
side for light-duty electric vehicles. It is more straightforward
to regulate the power flow of IPT, with its resemblance to a
power transmission network having a reactive power voltage.
A typical primary-side frequency control is the self-oscillating
control, which requires only simple receiver feedbacks [20],
[21], [22]. The advantages of frequency control over phase shift
control are more than that. It has been reported that the frequency
control is easier to achieve soft switching than the phase shift
control for the transmitter-side inverter [14], [15], [24], [25].
For direct IPT systems with light load conditions, the frequency
control is able to achieve zero-voltage switching (ZVS), while
the phase shift control cannot only if auxiliary circuits are
added [26]. Nevertheless, frequency control is not compliant
with the standards that require fixed or narrow range operating
frequencies [27], [28], [29]. By far, both primary-side phase
shift control and primary-side frequency control are extensively
investigated in [30], [31], [32], [33], and [34], while most of
them are PI-based and a few of them are designed based on
direct IPT systems.
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To bridge the research gaps, a model predictive-based phase
shift control (MPPC) and a model predictive-based frequency
control (MPFC) are proposed and compared in this article.
Finite-control-set model predictive control (FCS-MPC) is a
well-established time-sequence control that exhibits superior
dynamic responses and robustness against disturbance compared
to conventional PI-based control for power electronics systems
[35], [36], [37], [38]. FCS-MPC with one-step or two-step
predictions is widely adopted to regulate the output voltages of
dynamic IPT systems [39], [40], [41]. However, FCS-MPC for
direct IPT systems has not been studied yet. The proposed MPPC
and MPFC are typical FCS-MPC with one-step prediction. Both
MPC are established based on the canonical system models and
practical factors, including dead time, turn-ON delay time, turn-
OFF delay time, and parasitic capacitances of the transmitter-
side inverters, bifurcation phenomenon of IPT systems, and
determination of initial switching frequencies. Compared to
the PI-based counterparts, the MPPC and MPFC can perform
superior dynamic responses, such as smaller overshoots and
shorter settling time. However, the MPPC is vulnerable to the
notching effects and current distortion being caused by the dead
time. It is also ineffective in achieving soft switching for IPT
systems with light load conditions. On the contrary, the MPFC
is not affected by the dead time effects and the soft switching
of transmitter-side inverters can be guaranteed over a wide load
range. As a result, the radiation noises of transmitter-side invert-
ers controlled by the MPFC are lower than those of the MPPC.
The accuracy of MPFC will be affected by the inherent frequency
bifurcation nature of IPT systems. To prevent this potential issue,
a new frequency selection algorithm is presented to find out
the optimal initial switching frequency of the transmitter-side
inverter. The optimal initial frequency can basically ensure the
ZVS of the inverter. Thus, the proposed MPFC is better than
MPPC for direct IPT systems if fixed frequency operations are
not rigidly required. The main contributions of this article can
be summarized as follows.

1) This might be the first article to present and compare two
FCS-MPC, i.e., MPPC and MPFC, for transmitter-side
inverters of direct IPT systems. Both simulation and ex-
perimental result validate that both MPC have superior
dynamic performance than their PI-based counterparts,
and MPFC is better than MPPC if the IPT system can
operate with variable frequencies.

2) The effects of dead time on MPPC and MPFC for direct
IPT systems are evaluated by analyzes, simulation, and
empirical results for the first time.

3) A new frequency selection algorithm is proposed to en-
hance the accuracy of MPFC by resolving the initial
frequency issue caused by inherent frequency bifurcation
nature of IPT systems.

4) The MPFC is practically verified to have less radiation
noise than the MPPC for transmitter-side inverters of IPT
systems.

II. BASIC ANALYZES OF THE PROPOSED MPFC AND MPPC

To simplify the analysis without losing generality, a direct
series—series (SS)-compensated IPT system is analyzed in this
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Fig. 1.  Schematic circuit diagram of a typical SS-compensated IPT system.

article. The circuit diagram of a typical direct SS-compensated
IPT system is plotted as shown in Fig. 1. Here, Vj, is the input
dc voltage. v, and vy are the input and output voltages of the
transmitter and receiver resonators. i, and is are the transmitter
and receiver currents. i,.. and i., are the rectified current and
filter capacitor current. /, and U, are the output current and
voltage. L, and L are the self-inductances of transmitter and
receiver coils. M is the mutual inductance between the coupled
coils. C}, and C; are the compensation capacitances to satisfy
Wo = 1/\/LpC’p = 1/+/LsCy , where w, is the resonant fre-
quency. R, and Ry are the equivalent series resistances (ESRs)
of the resonators. C, is the filter capacitance. Ry, is the load
resistance.

According to the Fourier analysis, the fundamental compo-
nents of v, and i can be obtained as

_ Vincos(9)

vp1 (t) = - sin (wgt) (1)
4ViawsM cos (%) T

i1 () = in (wt + = +0 2

i1 (1) W\Zsz—i-wS?MQ\Sm(w t310) O

where the transmitter and receiver impedances are

{Zp = jwsLp + s + Rp

. 3
Zs:stLs‘Fjw%Cs"'Rs"l‘ReqL )

Here, «vis the phase shift angle of the diagonal power switches
of the transmitter-side inverter (i.e., Q1 and Q4, Q> and Q3). It
is worth noting that « is controlled at 0° when the proposed
MPEFC is adopted for the IPT system. R.q1, is the equivalent
load resistance of the diode-bridge rectifier, filter capacitor, and
resistive load. For general load conditions [42], Req1, and Ry,
are in linear relationship (i.e., Req. = S8Ry, / 72). 0 is the phase
angle of the term Z,Z + ws>M?, while the magnitude of Z,Z;
+ ws*M? (i.e., |Z, Zs + ws*M?)) is constant in one cycle. When
the proposed MPPC is adopted for the IPT system, the switching
angular frequency (i.e., ws) is controlled at w,, the impedances
Z,, and Z are simplified as R, and R + Rcqr,, and 6 is zero.

Based on (2), the average output current of the diode bridge
rectifier can be calculated as

1 [T 16Vin M fs cos (9)
jrec (D)), = — i1 (1) dt = 2L (4
Gy, = [l @)@t = SEEET @

where f; is the switching frequency and 7 is the sampling period.
The filter capacitor current i., can be expressed as
d({Lo(t))7. R

leo (t) = <ire0(t)>Ts - <10(t)>Ts =Co - a 5)
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Fig. 2. J-fs curves of the IPT system with (a) M = 6.243 pH, Ry, = 0.1€2,
(b) M =6.243 pH, Ry, = 19, (c) M = 6.243 puH, Ry, = 7€, and (d) M = 3.243
uH, Ry, = 1Q.

By applying Euler’s forward discretization for (4), the output
current at the next sampling time /,[k+ 1] can be estimated based
on the output current at the current sampling time /,[k] as

16Vi, M cos (%) 1

= +(1— =———) L, [¥].
CoRym™ |ZpZS+UJSQM2| CoRy fs

(6)

Apparently, the output current can be regulated by f; and .
The proposed MPFC and MPPC are designed for controlling f;
and «, respectively. For both MPC, I,[k+1] is regulated to track
the reference /,.f using the canonical cost function

I [k +1]

min J = |Ies — I, [k + 1] (7.1)
8.t. 0 < Irer < Trefmax (7.2)
fsmin S fs S fsmax- (73)

The output current reference and the switching frequency
of the system are strictly constrained within the boundaries
(7.2) and (7.3). The current constraints are set for ensuring the
system stability, while the frequency constraints are set based
on hardware limits.

For the MPFC, « is controlled to be zero. At the sampling
time k, the output currents /,[k+1] are predicted based on f;,
[s+Af, and fy—Af, where Afis the step change of the switching
frequency. By comparing the three cost functions, the frequency
with the minimum values is adopted as the switching frequency
for the transmitter-side inverter at the sampling time k+1. It is
worth noting that the step change Af can be fixed or variable.
In this article, fixed Af is adopted for fair comparisons. For
variable Af, small Af can be used at steady states for ensuring
accurate tracking and large Af can be used at transient states
for fast dynamic responses. The curves portraying the relation-
ships between the cost functions J and f; for different output
current references, load conditions, and mutual inductances are
depicted, as shown in Fig. 2. Apparently, optimal f;, which
corresponds to minimum J, can be found for all the operating
conditions.

For the proposed MPPC, following the conventional phase
shift control [14], [27], [30], [31], fs is fixed at the resonant
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Fig. 3. J-a curves of the IPT system with (a) M = 6.243 uH, Ry, = 0.1€,
(b) M = 6.243 uH, Ry, = 1€, (c) M = 6.243 pH, Ry, = 7, and (d) M = 3.243
uH, Ry, = 1.

frequency. The output current /,[k+1] is monotonically changed
with the phase shift angle «. Thus, by increasing or decreasing
« with the step change Ac, the predicted output current will
increase or decrease accordingly. Similar to the MPFC, fixed or
variable A« can be adopted. In this article, only fixed A« is
investigated for fair comparisons. Adaptive phase shift control
has been studied in [43]. By comparing the cost functions of
a, a+Aq, and a—Aq, the phase shift angle corresponding to
the minimum cost function is adopted for the transmitter-side
inverter at the sampling time k-+1. The «-J curves for different
operating conditions are plotted, as shown in Fig. 3. Obviously,
optimal « (i.e., agpt), which corresponds to minimum J, also
exists for all the operating conditions.

III. EFFECTS OF MAIN PARASITIC PARAMETERS OF THE
TRANSMITTER-INVERTER ON THE MPC

A. Effects on MPPC

To analyze the effects of main parasitic parameters of the
transmitter-inverter on MPPC, the operation states of the in-
verter in one cycle are studied based on the schematic wave-
forms of major parameters in Fig. 4. 01" and Q4" denote
ideal gate pulses without dead time, while Q;, Q2, O3, and
Q. indicate nonideal gate pulses with dead time. v,," and
vbn " are ideal phase-leg voltages. v,,* denotes the ideal square-
wave voltage between the phase a and phase b legs. v,, and
Vb are nonideal phase-leg voltages. v, denotes the nonideal
square-wave voltage between the phase a and phase b legs.
Ta, Tond, and Togq are dead time, turn-ON delay time, and
turn-OFF delay time. ¢ pq is the dead time angle (i.e., @714
= wsTq). The existence of dead time will cause notching ef-
fects [44]. By considering Ty,q and Togq, the cutoff angles
of the notching effects will be extended to ¢ 74+ Tond— Toffd
(i.e., ©1dt Tond— Tofid = Ws(Ta+Tona—Toma)). It is worth
noting that the cut-off angles will change if the phase an-
gle between vy and i, (i.e., ¢) and the phase angle be-
tween vy and v, (ie., ¢,) are changed. Usyy and Ugiode
are the forward voltages of switching components and body
diodes.
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Fig. 4. Main waveforms of the transmitter-side inverter controlled by MPPC
with (a) &>@ Td+ Tond— Tofid and (b) <@ Td+ Tond- Toffd-

The operation states of the inverter with &«>@ 74+ Tond— Toffd
[as shown in Fig. 4(a)] are discussed in the following.

1) Stage I (fromtgtot1): Q1" is turned ON, while Q1 remains
turn-OFF state. Q5 is not turned OFF immediately, while O3
remains turn-ON state. Hence, i}, flows through Q> and O3,
The phase voltage v,,, is increased by Us,t, while the phase
voltage vy, is decreased by Us,y. Thus, the phase voltage
difference v}, is reduced by 2Ug,;.

2) Stage 2 (from t1 to t2): Qs is turned OFF, while Q3 remains
turn-ON state. Therefore, i}, flows through D and Q3. The
phase voltage v, is increased by Ugiode, While the phase
voltage vy, is decreased by Ug,. Thus, the phase voltage
difference vy, is increased by Usat+Udiode-

3) Stage 3 (fromta tots): i, changes from negative to positive,
Q1 is turned ON, while Q3 remains turn-ON state. i}, flows
through Q; and Q3. Both the phase voltage v,, and vy,
is reduced by Us,t. During this period, the phase voltage
difference v, is zero.

4) Stage 4 (from ts to t4): Q1 remains turn-ON state, while Q3
is turned OFF and i}, flows through Q1 and D3. The phase
voltage v,,, is reduced by Ug,t, while the phase voltage vy,
is increased by Ugioqe- Thus, the phase voltage difference
vp is increased by Ugai+Udiode-

5) Stage 5 (fromty to t5): Q4 is turned ON, while Q1 remains
turn-ON state. i, flows through Q; and Q4. The phase
voltage v, is reduced by Us,;, while the phase voltage
Vbn 18 increased by Usae. Hence, vy, is reduced by 2Uq.

6) Stage 6 (from t5 to tg): Q1 is turned OFF, while Q4 remains
turn-ON state. i, flows through D, and Q4. The phase
voltage v,,, is increased by Ugiode, While the phase voltage
Vbn is increased by Us,g. Therefore, vy, is increased by
Udiode+ Usat .

7) Stage 7 (from ts to t7): iy is changed from positive to
negative, Q5 is turned ON, while Q4 remains the turn-ON
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state. i, flows through Q2 and Q4. Both the phase voltages
Van and vy, are increased by Ug,. During this period, the
phase voltage difference v}, is zero.

8) Stage 8 (from t; to tg): Q4 is turned OFF, while Qo
remains turn-ON state, and i, flows through Qs and Dj.
Van 18 increased by Us,y, while the phase voltage vy, is
increased by Ugioge. Thus, the phase voltage difference v,
is increased by Ugat+Udiode-

9) Stage 9 (from tg to ty): Q3 is turned ON and Q- remains
the turn-ON state. i}, is negative and flows through Q> and
Q3. The changes of vy, vy, and v, are consistent with
those in the Stage 1.

For <@ 1d+ Tond— Tofid, the Stage 3 will be replaced by the
following Stage 10 and Stage 11, and the Stage 7 will be altered
by the Stage 12 and Stage 13, while the remaining operation
stages are the same [as shown in Fig. 4(b)].

1) Stage 10 (fromt to ty): Q3 is turned OFF, and i, is negative
and flows through D; and D,. The phase voltage v,
is increased by Ugiode, While the phase voltage vy, is
increased by Ugiodqe. Thus, the phase voltage difference
vp is increased by 2Ugiode-

2) Stage 11 (from ty to t3): i, changes from negative to
positive, and flows through D5 and Ds. The phase voltage
Van 18 increased by Ugiode, While the phase voltage vy, is
increased by Ugiode. Thus, the phase voltage difference vy,
is increased by 2Ugjode-

3) Stage 12 (from tg to t19): Q4 is turned OFF, and i} is
positive and flows through D, and Ds. The phase voltage
Van 18 increased by Ugiode, While the phase voltage vy, is
increased by Ugiode. Thus, the phase voltage difference vy,
is increased by 2Ugiode-

4) Stage 13 (from tig to t7): i, changes from positive to
negative, and flows through D, and D,4. The phase voltage
Van 18 increased by Ugioqe, While the phase voltage vy, is
increased by Ugiode. Thus, the phase voltage difference vy,
is increased by 2Ugiode-

By comparing the waveforms of v,* and v, in Fig. 4, the period
of positive v, is dwindled when T4, Tona, Tosia are considered.
For an ideal system with the proposed MPPC, the phase shift
angle o and sensitivities of /, with respect to a can be derived
based on (6) as

1 [k | 2y Zs+w? M2
a = 2arccos( [ ]w1|6{} M;J‘ |> (8)
and
8Io[k] ‘ j— 8‘/infs 3 «
= smmis ).
’ O RP(R;»ReqL) +w§M’ (2) 9)

Apparently, o approaches zero for heavy load conditions
when Vi, is decreased and Ry, is increased. For light load
conditions, « are nonzero. Besides, deviations of « will induce
output current offsets. Due to the existence of Ty, Tong, and
Toa, the calculated o based on (8) is different from the actual
a. As a result, the output range will be narrower. Even if
<P Td+ Tond— Toffd, the notching effects of v, are unavoidable.
To indicate the effects of parasitic parameters on the MPC more
explicitly, the absolution voltage difference between v}, and v,*
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in the positive cycle, namely the voltage loss Avy, is calculated. A
larger Av,, indicates a more serious effect, since the discrepancy
between the ideal and actual voltages is larger. For the MPPC,
the average v, in the positive half cycle is

o
;=

Vin. (10)

T
The average v}, in the positive half cycle is

el 2 (Ta + Tond — Tora)
P s TS

Then, the voltage loss Avy, is

4 (Tq + Tona — Tt 27 — 2
AUp: ( ( at ;?d Offd) — ﬂ—ﬂ_ a) Usat
s

 2(Ta + Tona — Toria)
T

Obviously, Avy, is affected by Vi, Td, Tonds Tofids Usat, and
a. Tona, Tomd, and Ug,g are mainly determined by the types
of gate driving circuits and switching devices, while Tq and «
can be controlled by software methods. For active switches with
negligible Ug,t, the voltage loss in (12) can be simplified as

2(Tq + Topa — Tt
Avy = (Ta + r}:d offd)

Apparently, the dead time, turn-ON delay time, and turn-OFF
delay time will affect the MPPC regulations. Besides, accord-
ing to (9), the sensitivities of I, with respect to « decrease
monotonically for all the operating conditions, which means
the I, regulations are less vulnerable against disturbance on
o when it approaches zero. For a fixed «, the sensitivities
will decrease when Ry, is increased, V;, is decreased, or M
Rp(Rs+Reql)

w?

Vin. (12)

Vin.

13)

is increased (M >
MPPC can exhibit more robust output regulation performance
for an IPT system with a smaller input voltage, a stronger mutual
coupling, and a heavier load condition.

Moreover, it is well-known that the parasitic capacitors of
the active switches can result in hard switching for IPT systems
with light load conditions [26]. Hence, it is also necessary to
compensate the dead time in the MPPC or adding auxiliary
circuits to ensure soft switching of the transmitter-side inverter.

in general). Therefore, the

B. Effects on MPFC

For MPFC, the transmitter-side inverter can operate in nine
states. The main waveforms are shown in Fig. 5.

For ¢>( 7d+ Tond— Toffid)/2, as shown in Fig. 5(a).

1) Stage I (fromtytoti): Q1" is turned ON, while O remains
turn-OFF state. Q2 and Q3 are not turned OFF immediately.
Hence, i, flows through Q> and Q3 The phase voltage
Van 18 increased by Ug,¢, while the phase voltage vy, is
decreased by Us,t. Thus, the phase voltage difference vy,
is reduced by 2Ug,¢.

2) Stage 2 (from t; to t2): Q2 and Q3 are turned OFF. i}, flows
through D; and D4, The phase voltage v,,, is increased by
Ugiode, While the phase voltage vy, is increased by Ugiodes
which results in a 2Ugio4e increment of vp,.
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Fig. 5. Main waveforms of the transmitter-side inverter controlled by MPFC

with (a) ¢>(@ 1d+ Tond— Toftd)/2 and (b) Y<(P Td+ Tond— Toffd)/2.

3) Stage 3 (from ty to t3): Q1 and Q4 are turned ON. i, flows
through Q1 and Q4. The phase voltage v,, is decreased
by Usat, while the phase voltage vy, is increased by Ugag.
Consequently, vy, is reduced by 2Ugat.

4) Stage 4 (fromt3 to t4): Q1 and Q4 are turned OFF. i}, flows
through D> and D3, The phase voltage v,,, is increased by
Udgiode, While the phase voltage vy, is increased by Ugiode-
Hence, v}, is increased by 2Ugiode.

5) Stage 5 (from ty to to/): Q2 and Q3 are turned ON. i}, flows
through Q2 and Q3. The changes of v,,, vpn, and v}, are
the same as those in the Stage 1.

For ¢ <(¢ Td+ Tond— Tofid)/2, as shown in Fig. 5(b), the Stage

2 is changed by the Stage 6 and Stage 7, while and the Stage 4
is changed by the Stage 8 and Stage 9.

1) Stage 6 (from t; to t2): The changes of van, Vbn, and v,
are consistent with those in the Stage 2.

2) Stage7(fromts toty): iy, changes from negative to positive,
and flows through Dy and D3 The phase voltage vay
is increased by Ugiode, While the phase voltage vy, is
increased by Uqgiode- Hence, vy, is increased by 2Ugiode-

3) Stage 8 (from ts to t2): The changes of vy, vy, and v,
are consistent with those in the Stage 4.

4) Stage9(fromtg tot,): i, changes from positive to negative,
and flows through D; and D, The phase voltage vay
is increased by Ugiode, While the phase voltage vy, is
increased by Ugiode. Hence, v, is increased by 2Ugiode-

By comparing the schematic waveforms of v,* and v}, in

Fig. 5(a), it is intuitive to find out that the periods of positive v,
and v,," are the same even if Ty, Tonq, and Togq are considered.
It is worth noting that the period of positive v, and voltage
loss Avy, in Fig. 5(b) are similar to those in Fig. 4(b), and the
operating frequency is larger than the resonant frequency. Thus,
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TABLE I
MAIN DIFFERENCES OF PARASITIC PARAMETER EFFECTS BETWEEN MPPC
AND MPFC
Characteristics MPPC MPFC
period of positive v, as compared to smaller same

that of v,"
main effects on the voltage loss Av,
cut-off angle of notching effects
soft switching

T, Tonds Tosta, @ Vin
random
need compensation

T4, Tond, Tosra
constant
no change

only the voltage loss in Fig. 5(a) is analyzed. The average v,*
in the positive half cycle of MPFC is Vj,, while the average v,
in the positive half cycle is

4(Tq + Tona — Tofra)

Up = Vin — 2Usa + (Usal + Udiode)-

1
(14
The voltage loss Avy, can be calculated as
4Ty + Tona — Ty
AUp = - (2 - ( at d Hd)) Usat
15
4Ty + Tona — Tt
g 20t T~ Tomo) ()

It can be observed from (15) that the voltage loss is related
to Ta, Tond, Toftds Usat, and Ugiode. For specific gate driving
circuits and active switches, Tond, Tofids Udiode, and Us,t are
determined. The only controllable parameter is Tg. If Ugay
and Ugioqe are negligible, the voltage loss Avy, is zero, which
means the effects of dead time, turn-ON delay time, and turn-OFF
delay time on MPFC regulations are very small. Besides, soft
switching of the transmitter inverter with MPFC is easier to
be achieved by controlling wg to be greater than w, [14], [45].
The main differences in the parasitic parameter effects between
MPPC and MPEFC are summarized in Table I. Clearly, the effects
of the main parasitic parameters of the transmitter-inverter on
MPEC are less serious than those of MPPC.

IV. FREQUENCY BIFURCATION PHENOMENON OF MPFC

Although MPFC is analyzed to be more robust against par-
asitic effects than MPPC, the bifurcation issue may result in
instability of the system. Based on the equivalent circuit in the
frequency domain, the IPT resonators can be described using

Vp — Zp —JjwsM jp
0] |—jwsM Z I,

where V;, and I, are the fundamental input voltage and current
phasor of the transmitter. I, is the receiver current phasor.

Based on (16), the transconductance and input impedance of
the IPT system can be derived as

(16)

js JwsM

| 17
9m v, 707, + WZM? (17)
v 2M?
Zn= =2, + 2 —. (18)
p S

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 10, OCTOBER 2023

127 —R =10 o R =50—-R =90 P —R_ =10 o R =5Q—-R =9Q
— R =18Q....R =17Q R =21Q c 2 R =130....R=17Q R =210
£ N
208 T 1
o -
= 2
2 T 0
c
504 3
g 8.1
kS o -
0 Y |
80 90 100 110 120 80 90 100 110 120
fi(kHz) fy(kHz)
(a)

A1.5f —MZ1pH o M=624pH —=M=7.04uH = —M=1pH o M=624uH =—=M=7.04uH
£ M=7.94pH -+ M=9uH M=10.3uH £ 2 M=7.94pH ---=M=9uH M=10.3uH
o N =
2 >
B e )
2 G o
505 )
g @
= o

0 — o, ]

80 90 100 110 120 Ty 90 100 110 120

f«(kHz) f«(kHz)
(b)
Fig. 6. Spectrums of magnitudes of g, and phase angles of Z;,, for the IPT

system with (a) M = 6.243 pH and (b) R, = 1 2.

TABLE II
MAIN PARAMETER VALUES OF THE IPT SYSTEM

Parameter Value Parameter| Value Parameter | Value
L, 60.9 uH Gy 41.59 nF R, 0.14Q
L 60.9 uH Cs 41.59 nF R 0.14Q
M 1t010.3 uH C, 100 pF Ry 1to21 Q
fs 80 to 120 kHz Vi 10V

Fig. 6 shows the spectrums of magnitudes of gy, and phase
angles of Z;, for the IPT system with different Ry, and M,
while other parameter values are given in Table II. The nominal
M and Ry, are 6.243 pH and 1 €, respectively. The resonant
frequency is 100 kHz. It can be observed from Fig. 6 that the
bifurcation phenomenon (more than one extreme) occurs for
many mutual and load conditions, and additional frequencies
except the resonant frequency can achieve zero phase angles.
In fact, this phenomenon is more serious as the load resistance
decreases or the mutual inductance increases. As can be seen
in Fig. 6(a), the magnitude extremes of gy, are increased from
one to two when Ry, is decreased from 21 to 1 2. The number of
zero-crossing points of Z;,, is changed from one to three when M
isincreased from 1 to 10.3 pH. According to (7.1), the objective
function of MPFC is to minimize the difference between the
predicted output current and the reference current, thus, the IPT
system will fail to converge at the optimal frequency and may
cause undesirable overshoots during the start-up stage due to
nonmonotonicity caused by the frequency bifurcation. Hence,
it is harder for the MPFC to converge at optimal operating
conditions for dynamic IPT systems. To address this critical
issue, the initial frequency of MPFC (i.e., fsni) needs to be
properly designed.

V. DETAILS OF MPC DESIGNS

The control block diagram of MPPC is depicted as shown
in Fig. 7(a). The output current at the next sampling time k+1
is predicted using (6) based on the calculated phase shift angle
alk+1] and measured output current /,[k]. The estimated output
current is controlled to track the reference /..t based on the
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—Predictive Equation (6) «———
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Fig. 7. Control block diagrams of the proposed (a) MPPC and (b) MPFC for
IPT systems.

objective function and the constraints in (7). The control output is
the optimal phase shift control v, Which s strictly constrained
within 0° and 180°. The optimal phase shift angle is adopted for
the transmitter-inverter of the IPT system, and incremented or
reduced by a step change A« for a[k+1].

For MPFC, the control block diagram is plotted as shown in
Fig. 7(b). The output current at the next sampling time k+1 is
predicted using (6) based on the calculated switching frequency
fs[k+1] and measured output current I, [k]. Similar to the MPPC,
the estimated output current is controlled to track the reference
based on (7). However, the control output is the optimal fre-
quency fsopt, whichis limited by the lower bound fimin and upper
bound f;,ax. The optimal frequency is applied to the IPT system,
and increased and decreased by a step change Af for fi[k+1].
The initial frequency of MPFC f;,; is preliminarily determined
based on the predictive (6) by setting I,[k+1] = I,[k] = I.ct. The
flowchart of the algorithm to determine f;,; is depicted, as shown
in Fig. 8. Initially, the magnitude of the system transconductance
gm at the resonant frequency is calculated based on (17) and the
frequency to achieve ZVS, i.e., fi,vs, 1S calculated using

4M?
LpLe Q2 ' Qf

M2
2(1- 24

(19.1)

403 4 1

St — — — + — >
LyLs QF Qs

0 (19.2)
where Qs is the quality factor of the receiver resonator, which is
calculated based on

wolig

RA

(19.3)

The transconductance g,,, is compared to levf .
mn

than :fvf , the IPT system has two independent frequencies
(i-e., fsini1 >fsini2). Otherwise, the IPT system has four inde-
pendent frequencies (i.€., fsini1 >/fsini2 >fsinis >/fsinia) [23]. The

initial frequency fyn; is primarily assigned by fiini1 to ensure

If g., is greater
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4|Input system parametersl

8l

Vi

9

Calculate f,,,,

|gmlos =w0

No

Sort four numerical
solutions(fsinit, finizs feinizs foinia)

Sort two numerical
solutions(finit, fiini2)

Ssini=iinit

A

| Ssnir={fsinizs fsinizs Soinia} |

e

Yes No

| ZVS is achieved | | ZVS is not achieved

End

Fig. 8.  Flowchart of the algorithm to determine fqin;.

=15 —NI=5 61w =6 24H = M=7.04H]

YV =18V =V =20V
M=7.94pH -~ M=9yH  M=10.3yH p

V=28V Vin=30y T Vin=3ev

< 2, g RN

S 8 £

0. =05 =

° S 3

S - = |

0 30 60 99120150180 "o 30 G0 99 120 150 180 O 30 60 9 120 150 180

@ al®) of”)
(a) (b) ©

: o | 91 [k] D ; —

Fig. 9. Curves of |[=g5~| — «a for the IPT systems with (a) M = 6.243 uH

and Vi, =10V, (b) Vi, = 10 Vand Ry, = 1 , and (¢) M = 6.243 pH and
R, =19Q.

ZVS. However, fgy; is checked with the frequency boundaries.
If fiini 1s beyond the limits, fgini2 is assigned for fyi,; (analogy for
Jsinis and fiinia). Otherwise, fyin; is compared to f;, to indicate
whether the IPT system can operate with ZVS or not.

Both MPPC and MPFC can be easily implemented using
inexpensive digital controllers. However, the MPFC needs more
computation to determine the initial frequency fi;n;, while is eas-
ier to achieve ZVS using more cost-effectives software methods.

VI. SIMULATION RESULTS

To exhibit the sensitivities of the phase shift angle a on the

dlao L ‘ and « are
«

output current /,, the relationship between ‘

plotted based on (9) and the parameters given in Table II, as
shown in Fig. 9. The nominal mutual inductance M, input voltage
Vin, and load resistance Ry, are set to be 6.243 uH, 10 V, and 1 €2,
respectively. Apparently, the sensitivities of /, with respect to o
decrease when Ry, and M increase, while the sensitivities of I,
with respect to o decrease when V;,, decreases, which validate
the theoretical analyzes in Section III-A.

To verify the effects of the dead time of the transmitter-inverter
on the MPPC, simulations are also conducted on the nominal
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Fig. 10.  Waveforms of i,, vp, v, and I, for the nominal IPT system controlled
by MPPC (a) without Tq and (b) with Tq = 1 pus.
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Fig. 11. FFT spectrums of v}, (a) without T4 and (b) with Tq =1 pus.

IPT system with the parameters given in Table II. [, is set to
be 1.72 A. Fig. 10 shows the waveforms of i, v, «, and I, for
the system with and without settling a dead time. Without dead
time (i.e., Tq = 0 us), acis controlled at 64.17° by the MPPC. On
the other hand, « is controlled at 28.65° by settling Tq = 1 us
and o7, = 36° (T,nq is set to be identical to Tygq). Obviously,
vy, of the IPT system with Ty = 1 s has notching effects, while
v, of the IPT system with 7q = O ps has no voltage-polarity
reversal phenomenon. This validates the operation analyzes that
the dead time effects of v}, are unavoidable for the MPPC when
O < PTy4+Toa—Tore- L0€ fast Fourier transform (FFT) spectrums
of vy, are shown in Fig. 11. The total harmonic distortion (THD)
of v, with notching effects is 43.42%, which is much greater than
31.7% for the THD of v, without notching effects. Besides, the
controlled « is dwindled from 64.17° to 28.65° by settling the
dead time. If « is controlled at O° for a case without dead time,
1, cannot be regulated to track the same /,f by settling the dead
time. Therefore, the controllable output range of MPPC will be
reduced.

Simulations are also carried out on the nominal IPT system
controlled by MPFC with and without settling a dead time. The
output current reference is 0.215 A. The initial frequency is
calculated to be 120.1 kHz. The waveforms of iy, v, c, and I,
for MPFC without the dead time (i.e., Tq = 0 us) and with the
dead time (i.e., Tq = 1 us) are shown in Fig. 12. Both switching
frequencies of the transmitter inverter are controlled at 119 kHz.
Apparently, the dead time of MPFC will not affect the output
control performance. Additionally, the other initial frequency
can be calculated to be 85.8 kHz. The corresponding waveforms
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Fig. 14.  Photograph of the experimental setup.

are shown in Fig. 13(a). The switching frequency of the trans-
mitter inverter is controlled at 86.3 kHz. Although the output
current can be well regulated to track the reference, the switching
loss of f; = 86.3 kHz is greater than that of f; = 119 kHz,
as can be seen from the vqs-ig curves of the power switches in
Fig. 13(b). This verifies the analysis that the IPT system with
MPEC will have bifurcation phenomenon and the controller is
better to be designed for the higher frequency above the resonant
frequency to ensure ZVS.

VI. EXPERIMENTAL VERIFICATIONS

Experiments are conducted on the prototype (as shown in
Fig. 14) with the main parameters given in Table II. The nominal
input voltage V;,, mutual inductance M, and load resistance
Ry, are 15V, 6.243 pH, and 1 €, respectively. Vi, is imple-
mented by RIGOL DP811A. Ry, is emulated by an electronic
load KIKUSUI PLZ405W. The transmitting and receiving coils,
which are wound by 1.8 mm Litz wires with 11 turns, have the
same diameter of 24 cm. The Schottky diodes SMC955Q015
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(i.e., Vp =0.26V@25 °C, 2A) are used to form the diode-bridge
rectifier. The hall sensor LEM25-P is adopted to feedback 7,
to the digital signal processor (DSP) TMS320F28335 to drive
the primary-side evaluation board TARAZ SPM-FB-SiC via a
communication link. The timer interrupt time is fixed at 30 ps.
The sampling frequencies of both MPPC and MPFC are fixed
at 100 kHz. Tonq and Togq of the inverter are 54 and 28 ns,
respectively. The experimental waveforms are captured from the
oscilloscope KEYSIGHT DSOX2004A.

A. Steady State and Dynamic Tracking Performance

To exhibit superior dynamic tracking performance of the
proposed MPPC and MPFC over conventional PI-based phase
shift control and PI-based frequency control, comparisons are
given based on the IPT system with V;, = 15V and M = 6.243
uH. Ry, is changed from 1 to 7 2 for the first dynamics, while
It is changed from 0.84 to 1.68 A for the second dynamics. The
dead time of MPPCis set to be Tq = 0.1 us. The occupation time
of conventional PI-based phase shift control, proposed MPPC,
conventional PI-based frequency control, and proposed MPFC
are 3, 21,11, and 28 pus, respectively. The initial frequency of
MPEC is set to be finir = 112.6 kHz based on (8). The step
changes of the MPPF and MPFC are Ao = 0.018° and Af =
0.25 Hz, respectively. The proportional and integral gains of
the PI-based phase shift control and PI-based frequency control
are optimally tuned to be 3/A and 0.000025/A, 1Hz/A and
0.0004Hz/A, respectively, for making sure that the settling time
of the first dynamic change (i.e., 3 ms) are identical to those
of MPPC and MPFC. The waveforms of v, iy, I,, and U, are
shown in Fig. 15. For PI-based phase shift control and MPPC,
both « are controlled at 148°, 146°, and 110° at three steady
states, respectively. For PI-based frequency control and MPFC,
both f; are controlled at 111.1, 108.7, and 102 kHz at three
steady states, respectively. As aresult, /, can be well regulated to
track I...¢ with negligible offsets for all the four control methods.
I, avg and Uy Ay are the average values of I, and U,. The
overshoots of first dynamics (i.e., Ry, is changed from 1 to 7 (2)
for both MPPC and MPFC are almost zero, while the overshoot
of the PI-based phase shift control is 2 V and the overshoot of the
PI-based frequency control is 5 V. Without changing any control
parameters, the overshoots of the second dynamics (i.e., I f S
changed from 0.84 to 1.68 A) for both MPPC and MPFC remain
zero, while the overshoot of the PI-based phase shift control is
1 V and the overshoot of the PI-based frequency control is 3 V.
The settling time of MPPC and MPFC are 35 and 34 ms, while
those of the respective PI control are 61 and 60 ms. Obviously,
the dynamic responses of MPPF and MPFC are significantly
improved as compared to the PI-based counterparts.

B. Effects of Dead Time on MPPC and MPFC

To validate the analysis that the dead time of transmitter-side
inverters can affect the MPPC, experiments are carried out on
the IPT system with Vi, = 10V, M = 6.243 pH, Ry, = 1€}, and
Lt = 1.72A. The dead time T is set to be 0.5 us. Fig. 16 shows
the waveforms of van, Von, Vp, ip, and I, of MPPC without Tq
and with T4. The phase shift angle is controlled at 66° to track
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Fig. 16.  Waveforms of van, Vbn, Vp., ip, and I, of MPPC (a) without T4 and
(b) with Tq = 0.5 ps.

It accurately. For MPPC with Ty = 0.5 us, notching effects
occur on v;,. The corresponding FFT spectrums of v, are shown
in Fig. 17. Apparently, the fundamental, third, and fifth-order
harmonics (i.e., vp1, Vp3, and vp5) are almost the same, while
the seventh and ninth-order harmonics (i.e., vp7 and vyg) are
increased from 0.14 to 0.47 V, and 0.51 to 0.73 'V, respectively,
by setting Tq = 0.5 ps. The THD of v, for the MPPC with the
dead time is 9.88%, while the THD is 9.16% for the MPPC
without the dead time.
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Experiments are also conducted on the same IPT system with
MPFC. The waveforms of vay, Vbn, Vp, ip, and I, are shown in
Fig. 18. By controlling the frequency at 108.3 kHz, [, is well
regulated to track /..¢ for both MPFC without 74 and MPFC with
Tq. It is rational to set Tq = 0.5 us for the adopted SiC-based
inverter. The notching effects [observed in Fig. 16(b)] do not
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= 3.2 A controlled by MPFC.

occur for MPFC with T4. The phase differences between v, and
i, are the same for MPFC without 7q and MPFC with T4 (64°
for both). The results verify the analysis that the dead time will
affect MPPC but will not affect MPFC.

C. Determination of Initial Frequencies for MPFC

To demonstrate the effectiveness of the proposed algorithm
(see Fig. 8) to determine proper initial frequencies of MPFC.
Experiments are initially conducted on the IPT system with
Vin = 10V, M = 6.243 pH, Ry, = 1€, and I, = 1.68A. The
frequency limits are fynax = 130 kHz and fy,in = 70 kHz.
Based on (8), the IPT system can operate at the frequencies
fsinit = 108.7 kHz, fsnio = 92.6 kHz to track the reference.
The magnitude of transconductance at the resonant frequency
|gmlws = wo is calculated to be 0.2527 based on (17), which is
greater than 81‘“‘ . Thus, two numerical frequency solutions are
sorted accordmg tothe algorithm. Since the maximum frequency
fsini1 18 within the frequency limits, it is compared to the ZVS
frequency f,vs Which is calculated to be 105.4 kHz based on
(19). Due to fsini1 >fszvs»fsini1 can be finally adopted as the initial
frequency for the MPFC. The practical waveforms of v,,, i,,, and
I, are shown in Fig. 19(a). The frequency of i, is measured
to be 108.05 kHz, which is very close to the calculated value.
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Fig. 20. Comparative EMI spectrums of the transmitter-side inverter con-

trolled by MPPC and MPFC.

Besides, the output current (i.e., 1.7 A) is well-regulated to track
the reference.

Then, Ry, is changed from 1 to 7 €2, while other parameters are
kept the same. Based on (8), fsini1 and fuinie are 105.6 kHz and
95.2 kHz, respectively. Based on (17), |gm|ws = wo is calculated
to be 0.2421, which is greater than 81‘“ . The ZVS frequency
fszvs 18 100 kHz. Thus, fsin;n = 105. 6 kHZ can be used as the
initial frequency for the MPFC. The waveforms of v,,, i}, and I,
in Fig. 19(b) verify the effectiveness of the proposed algorithm
(see Fig. 8) to lock the proper initial frequency and track the
output current reference.

To further validate the generality of the proposed approach
for an IPT system with four available frequencies to output the
same [,. Experiments are also conducted on the IPT system
with Vi, = 10V, M = 6.243 pH, Ry, = 1€, and Lo = 3.2A.
The corresponding waveforms of v, i, and I, are shown in
Fig. 19(c). The frequency of i, is measured to be 105.62 kHz,
and I, is well-regulated to track the reference. For this case, the
IPT system can operate at the frequencies fsni1 = 107.4 kHz,
fsini2 = 102.6 kHZ, fsini3 =97.7 kHZ7 and fsini4 = 93.8 kHz
to track the reference. The ZVS frequency f;,y s is calculated
to be 105.4 kHz. Obviously, fsini1 is greater than f;,.s. Hence,
Jsini1 can be adopted as the initial frequency for the MPFC. The
calculated f;ini1 is close to the measured frequency of i;,, which
proves the effectiveness of the proposed algorithm in Fig. 8.

D. EMI of Transmitter-Side Inverter With MPPC and MPFC

The EMI spectrums of the transmitter-side inverter being con-
trolled by MPPC and MPFC are measured in ETS-Lindgren’s
Chamber Model 5405 GTEM! Test Cell. The comparative re-
sults are shown in Fig. 20. Although the peak values of radiation
noise for the two control methods are less than the upper limit
ENS55022B, the peak values of MPFC are visibly less than those
of MPPC within 1-10 MHz. The peak values of the radiation
noise of MPFC are 22 dB;V@4 MHz and 13 dByV@5 MHz,
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while those of MPPC are 35 dByV@4 MHz and 27 dBuV@5
MHz.

VII. CONCLUSION

This article compares two model predictive control (MPC)
strategies, namely, MPPC and MPFC, for direct IPT systems.
The two MPC approaches are newly designed for transmitter-
side inverters based on the equivalent circuit models of typ-
ical direct IPT systems with only passive rectifiers and fil-
ters, and resistive loads at the receiver sides. Both control
methods are empirically verified to have better dynamic per-
formance than the PI-based counterparts at various operating
conditions (except the nominal conditions). However, MPPC
and MPFC have respective inherent drawbacks. Simulation
and experimental results validate that the dead time of the
transmitter inverter will affect MPPC to induce higher THD
being caused by notching effects, and dwindle the control range
under different operating conditions, while the dead time will
not affect MPFC. The major issue of MPFC is to determine
proper initial frequencies for IPT systems in achieving accu-
rate output tracking and soft switching. In this article, a new
algorithm is proved to be effective in finding out the optimal
initial frequency by simulation and experimental results. The
measured EMI of the transmitter-side inverter exhibits a better
switching performance of the MPFC over the MPPC. Therefore,
the proposed MPFC has an edge over the proposed MPPC for
a direct IPT system if it is not required to operate at a fixed
frequency.
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