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Utilizing the circle criterion, this paper formulates the design condition for the ground coil current control in WPT. The condition

properly addresses the time-varying parameter of mutual inductance. The effectiveness of the proposed condition has been verified

by theoretical analysis, graphical tests, simulation tests, and experimental tests.
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1. Introduction

To tackle the main problem of short mileage per charge for
electric vehicles (EVs), wireless power transfer (WPT) using
magnetic resonance coupling has been considered as one of
promising technologies [1]. Especially, dynamic wireless power
transfer (DWPT) has attracted much interests recently [2]. As
shown in Fig. 1, the mutual inductance M changes in accordance
with the coil positions. Thus, M is a time-varying parameter in
the DWPT system. Consequently, the coil currents might
exaggeratedly exceed the rated value at the charging starting
moment, and they might fluctuate during the charging period. Such
phenomena increase the device and maintenance costs. Therefore,
many previous studies have focused on power transmission by
dealing with the primary side control [3] — [6]. A method to
improve transient response of the start-up current control using the
secondary side was presented [7]. A method, which simultaneously
incorporates power and current control, was proposed in [8].

Investigating the literature, we have recognized the following
two issues. First, from a practical point of view, it is meaningful to
investigate a simple but effective controller that tracks the actual
current with the reference value. Almost the previous studies
utilized the proportional-integral (PI) controller and neglects the
discussion on the suitability and effectiveness of such controller.
Second, from a theoretical point of view, it is essential to develop
a systematic approach to design and analyze current control with
respect to the time-varying parameter M. The study [6] only
analyzed the worst case by assuming the coupling coefficient
equals to zero. In [4], the one cycle control-proportional

differential control was merely designed at a given mutual

Fig. 1. Example of mutual inductance map of DWPT coils.

inductance. The study [3] experimentally verified that the proposed
PI controller is robust to a sharp change of 50% in coupling
coefficient. However, this performance was not supported by any
theoretical result. Similarly, the study [8] focuses on the problem
of maximizing the energy transfer instead of stability analysis.
With respect to the aforementioned issues, this paper focuses on
the primary side current control for DWPT with the S-S topology.
This paper shows that the system can be modelled as a feedback
connection of a time-invariant part and a time-varying part with
sector-bounded characteristics. Based on the circle criterion, this
paper formulates the design condition that guarantees the absolute
stability of the system as the mutual inductance varies between a
lower-bound and an upper-bound. The approach allows us a
graphical test of system stability, which is convenient for practical
application. Utilizing the graphical test, this paper designs a PI

controller which allows large position misalignment.
2. Modeling

{2-1) Derivation of the envelop model  Fig. 2 shows
an S-S equivalent circuit model for the study of WPT. The self-
inductance and resonant capacitor of each coil are denoted as L;
and C;, respectively. The currents are denoted as i; . The

subscripts i = 1,2 mean the primary and secondary sides,



Fig. 2. S-S equivalent circuit model for DWPT.
respectively. The mutual inductance is denoted as M. The load
resistance is denoted as R;. The capacitors are designed to satisfy

the following resonance condition:

@’ LC, = 6}
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where w, is the resonant frequency. The primary voltage is the
output of the inverter, and it is originally square waves. Thanks to
the bandpass characteristics of the WPT circuit, the currents are
sine waves at the resonant frequency. Let V,(t), [,(t) and I,(t)
be the fundamental amplitudes of v,(t), i1(t), and i,(t),

respectively, the waveforms can be approximately expressed as

{vl (t)=V,sin(aw,)

Il(z) (t) _ 11(2) sin(a)“l) ....................................................

Appling the Kirchhoff’s voltage law to Fig. 2, we have

dt dt
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Since w, is commonly very big, the following approximations

can be obtained by neglecting the small terms of high orders [7].
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Substituting (2) into (3) and (4) with respect to (1), (5) and (6),

the following equations are derived, respectively.
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From (7) and (8), the envelop model is derived as follows:

RV +2L, dlz,t(t) =4LL, dz;Z(t) +2LR, dI;Et) +(@,M)' 1,(7) ..9)

Applying the Laplace transformation to (9), the transfer function

from V; to I; can be written as:

LT R
2L 4ALL Bs+f,
Gs)=———— = (10)
. R, (oM) s +as+a,
§P+—Lg+
2L, ALL,
(2-2) Block diagram representation This study

examined the DWPT system with the parameters summarized in
Table 1. M,,;, is the minimum allowable mutual inductance for
starting power transmission. Fig. 3 shows the Bode diagram of
G (s) with different values of M between M,,;, and M,,q,.

To rigorously treat the time-variation of M, our idea is to

equivalently represent G(s) as the feedback connection system in

Fig. 4 where:
Bs+p, ¥ 1
_F 0 _ —
E(S)_ 2 ’I)Z(S)_ 2 s ) T T T T s (11)
ST+ ays sT+ays 4L L,
23 r2
P(1) =@M e (12)
Table 1. Parameters of DWPT system used in this study.
Parameter Meaning Value
Ly Primary coil inductance 246 uH
L, Secondary coil inductance 106 uH
R, Load resistance 57Q
W Resonant frequency 2m X 85000 rad/s
Mpyin Minimum mutual inductance 5 uH
Mpax Maximum mutual inductance 20 uH
Vi max Maximum voltage of inverter 30V
T4 Delay of sensor measurement 20 us

Magnitude (dB)

hase (deg)

o -asf

90 . \ . \ ]
10° 10! 107 10° 10t 10° 10°
Frequency (rad/s)

Fig. 3. Bode diagram of G(s) with M € [Myin, Mias].

Controller

Fig. 4. Block diagram of the primary current control system.



3. Stability condition of current control system

31 Problem setting The study of this
paper is based on the current control system shown in Fig. 4. How
to detect the starting moment of WPT [7] and how to calculate the
reference current I [8] is not the main goal of this paper. C(s)
is the controller to be designed. It outputs the voltage signal V;
which can be realized by adjusting the width of switching pulses
of the primary side inverter. From (12), ¢(t) varies between a
lower-bound ¢ = w?M?2;,, and an upper-bound @ = w?Mz,.

(3-2) Stability condition The stability of the
system in Fig. 4 can be discussed via the feedback connection of
H(s) and ¢(t) in Fig. 5, where:

Applying the circle criterion with Theorem 7.2 in [9], the
stability condition can be stated as follows:

Stability condition: The current control system is absolutely
stable if the Nyquist plot of H(jw) does not enter disk P defined
by ¢ and ¢ inFig.6.

4. System analysis with simulation demonstration

{4-1) Conventional PI control design We
firstly examine a conventional design approach which neglects the
variation of the mutual induction. To this end, we consider the
WPT system with the parameters shown in Table 1. The nominal
transfer function from V; to I; is expressed as:

_(oM,)

Oy = o e 14
On 4L1L2 ( )

G (s): Bis+ 5,

n 2 s
sT+asta,,

For instance, M, 1is set as the value when there are no
misalignments between two coils (M, = 19.5uH). By a fine-
tuning process using the nominal plant, we select the PI controller
C(s) = K, + K;/s with K, = 0.677, K; = 2.041 x 10°. With
this selection, the nominal close-loop transfer function P, (s) =
C(s)Gn(s)/[1+ C(s)G,(s)] has stable poles —20.16+
548.70j and —3.70 X 107. However, H(jw) enters the disk D,

s At i i — — — —= —j

I R(s)C(s)

Fig. 5. Equivalent diagram of the current control system.
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Fig. 6. Definition of disk 9.

as shown in Fig. 7. This means the actual system does not satisty
the absolute stability condition. To validate this conclusion,
simulation tests were conducted as follows with the reference
current of 1.5 A.

Case A: The positions of two coils are fixed, such that there is
no misalignment between them. In this case, the mutual inductance
always equals to the nominal value (see Fig. 8a). A good current
tracking performance can be realized as shown in Fig. 8b.

Case B: The power transmission starts with a large misalignment
between two coils, such that the mutual inductance varies from the
minimum value (see Fig. 8a). Consequently, the current vibrates

seriously (see Fig. 8b).
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02 0
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Fig. 7. Graphical test: conventional PI controller design.
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Fig. 8. Simulation test: conventional PI controller design.



{(4-2) Proposed PI control design Substitute
(11) into (13) with the notice that fy = B, H(s) is written as

follows with the PI controller

ys
H(s)=
() (v a (5 B s f) e (15)
It can be seen that the poles of H(s) are also the poles of
P, (s) from I to I; in the worst case such that the mutual

inductance is zero. The real and imaginary parts of H(jw) are:

yo' (ﬁlKi +a,f - a)z)

Re, = = _
€y (a)z +af)_(ﬂ1Ki _wz)z +ﬂ12K§a)2_ .................... (16)
o lesasge]
" (a)z +a12)_(,31Ki —w2)2 +ﬁ12K;a)z_ .................... a7

Solving Rey = 0, it can be found that H(jw) intersects with
the imaginary axis at two points symmetrical about the real axis.

Solving Imy = 0, H(jw) is shown to intersect with the real
axis at two separate points. One point is the origin, and the other
point is placed at the right-hand side of the imaginary axis. The

distance L between two points is Rey(w;y,), where:

@y = B e (18)
a +BK,

is the non-zero solution of the equation Imy = 0.
From (15), H(s) has a stable pole which equals to —a;.

Placing other two poles at the stable value —p, we have

Kp = 2ﬁ171p

2 _ 2
K +ﬂ1Kps+,6'1K‘. =(s+p) @{Ki =,[i’flpz

The maximum value of the inverter voltage should be
considered when designing the feedback controller. Thus, p
should be limited by a threshold p. If p is chosen bigger than this
threshold, the system might suffer fluctuation due to the saturation
of the inverter voltage. Recently, we proposed in IEEE-IECON
2023 a method to rigorously design the feedback controller with
respect to the saturation of the control signal [10]. This paper aims
at a practical design for current control in DWPT. Therefore, we
considered the following strategy for tuning p. The selected p
must satisfy the graphical test given by the stability condition, and
a simulation test by performing a simulator that imitates the real
DWPT system shown in Table 1. In this study, Matlab/Simulink
R2021b is used to establish the simulator. The simulation test is the
same as Case B presented in the previous sub-section.

Step 1 (Rough tuning): By increasing p, we find the upper-
bound p such that the current start to fluctuate.

Step 2 (Fine tuning): The range from 0 to p divided by N steps.
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Fork =1: N

° Calculate the PI gains using (19) with p = (p/N)k.

° Graphical test: Verify if the Nyquist plot of H(jw) does
not enter disk P or not.

o Simulation test: Verify if the controller satisfies the
required performance of settling time and overshoot, and
the saturation of the inverter voltage does not occur.

The upper-bound is found to be p = 3.6 X 10*. The fine-tuning
was performed with N = 100. This paper demonstrates the
results of some steps k = {2,10,28,56,100} for clear
discussion. The graphical test and simulation test are summarized
in Figs. 9 and 10, respectively. At all steps, the Nyquist plot of
H(jw) does not enter disk 9. Furthermore, it can be shown that:

o If p istoosmall (i.e., k = 2), the tracking performance
is very poor. By increasing p (i.e, k = 10), the
tracking performance can be improved.

° If p istoo big (i.e., k = 56), the steady state error and
the settling time can be further enhanced. However, the
overshoot is increased. For the safety of the DWPT
system, this overshoot is not allowable.

° If p reaches the upper-bound at k = 100, the

fluctuation happens due to the voltage saturation.

0.03
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002 H====" HGw): k =2
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————— HGw): k = 28
o H(Gw): k = 56
P01 F- - - - HGw): k = 100|
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Fig. 9. Graphical test: proposed PI controller design.
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Fig. 10. Simulation test: proposed PI controller design.
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Fig. 11. Relationship between L and desired poles.

To compromise the aforementioned trade-off, it is possible to
select the desired pole at k = 28 (p = 3.6 X 10*). With this
selection, the system only suffers a small overshoot of 13% even if
the power transmission starts at My,

The relationship between the distance L and the desired poles
are shown in Fig. 11. The increasing of p results in the decreasing
of L.When p=p or k = N = 100, the distance L is reduced
to the minimum value of 0.0033. With the selected poles at k =
28, the distance is 0.0164. With k = 2, the distance is increased
to 0.2475. From this discussion, the distance L can be used as an
index to select the desired poles to compromise the trade-off
between steady state error and transient overshoot.

Varying the coil inductances and the load resistance in the range
of [+20% ,—20%] around the nominal values, the Nyquist plots
of H(jw) with k = 28 are shown in Fig. 12. It can be
recognized that, the proposed PI controller guarantees a certain

level of robustness under model uncertainty.
5. Experimental validation

{5-1) Experimental setting  Fig. 13 describes
the test-bench with the nominal parameters shown in Table 1. This
testbench allows us to adjust the relative position between the
primary coil and secondary coil. AFPGA board is used to calculate
the envelop of the current. The PE-Expert4 computer serves as the
main controller. C programing is used to perform the feedback

current control, display and store the experimental data. The

0.01

Imaginary Axis
o

0.02 |

0.03 8 -
0.04 0.03 0.02 0.01 0 0.01 0.02
Real Axis

Fig. 12. Robustness of the proposed PI controller with k = 28.
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Fig. 13. Testbench system.

control period of the system is 5.9 us.
(5-2) Experimental results Several tests we
performed, and there results are summarized in Fig. 14.

Test 1 (Without current control): The longitudinal and lateral
misalignments are set to be zero. The duty cycle of the inverter is
fixed at 0.5. As can be seen in Fig. 14a, the current reaches a peak
value which is more than 2 times of the reference value. The
current overshoot would be more serious if the coil misalignments
are non-zero.

Test 2 (PI controller designed by conventional approach): This
test is to evaluate the PI controller obtained in sub-section 4.1. The
power transmission starts at the longitudinal and lateral
misalignments of 450 mm and 60 mm, respectively. Hence, the
mutual inductance is only 5.5 uH. As shown in Fig. 14b, the
current fluctuates considerably as the power transmission starts.
This result, which is a failure example of the conventional
approach, matches with the theoretical analysis in previous section.

Test 3 (PI controller designed by proposed approach): The
power transmission starts with large longitudinal and lateral
misalignments, which are similar to that of Test 2. As can be seen
in Fig. 14c, the envelop current quickly follows the reference
value. The overshoot is reduced to approximately 75% in

comparison with that of Test 1.
6. Conclusions

Using the Circle criterion, this paper formulates the stability
condition for the ground coil current control in DWPT. The
condition properly addresses the time-varying parameter of mutual
inductance. Thanks to the graphical test, the condition allows us a
practical approach to analyze and tune the current controller.
Testbench experiments show that stable current control can be
achieved with less overshoot, even if the system suffers a large
misalignment between two coils.

However, this paper only performed power transfer in a short
period of time. Also, the compensation of current delay was not

considered in this paper. In future, we will develop the controller
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Fig. 14. Experimental results of envelope current.

to compensate the delay of sensor measurement. Experiments with

higher power using moving coil will be conducted to further

evaluate the proposal of this paper. Besides, we are interested in

the power control in the outer loop to properly generate the

reference current. Furthermore, the proposed method will be

extended to current control in both primary and secondary sides.
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