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This paper compares several methods for ground coil current control in dynamic wireless power transfer. Simulation and

experimental results show that the super-twisting-algorithm based PI controller performs better than the traditional PI controller in

terms of overshoot suppression, especially when the mutual inductance varies from a very small value.
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1. Introduction

Dynamic wireless power transfer (DWPT) using magnetic
resonance coupling has been recognized as one of the promising
technologies toward transportation electrification [1]. Fig. 1
demonstrates a DWPT experimental system developed at our
research group. This technology raises many new research topics,
such as start-up time determination [2], misalignment estimation
using power information [3], [4], metal object detection [5], [6],
economic viability and environmental impact [7].

To realize DWPT, one of the most challenges is power
fluctuations due to coil misalignment and circuit parameter
uncertainties. Especially, the relative position between the coils
changes continuously during the charging. Thus, stably controlling
the current even with small mutual inductance in a short period
becomes a nontrivial question. Furthermore, it is required to
quickly suppress the current overshoot at the start-up moment. To
this end, many previous studies have focused on the start of power
transmission by primary side current control [8] — [13]. For
instance, [8] experimentally verified that the proposed controller is
robust to a sharp change of 50% in coupling coefficient.
Unfortunately, almost of the previous studies merely utilized the
proportional-integral (PI) controller without considering system
stability analysis. To this end, we established in [13] a circle
criterion that guarantees the absolute stability of the DWPT system
as the mutual inductance varies between a lower-bound and an
upper-bound. However, to the best of our knowledge, there exists
no comparative study on the startup current control.

With respect to the above discussion, this paper aims to provide

a comparative study of several current feedback control methods.

Fig. 1. DWPT test at the authors’ research group [4].

To this end, this paper focuses on the DWPT system with the S-S
topology. Three methods were implemented and evaluated by both
simulation and experiments: (1) PI controller, (2) PI controller with
lead compensator, and (3) super twisting sliding mode control (ST-
SMC) [14]. The controllers (1) and (2) were designed using the
circle-criterion-based procedure [13]. Both simulation and
experiment were conducted. Test results show that the PI with lead
compensator can slightly reduce the current overshoot. Notably,
the ST-SMC allows the non-overshoot startup current, even with a
very small mutual inductance.

The reminder of this paper is organized as follows. Section 2
presents the envelope model for current control design. Section 3
presents the design of the aforementioned methods. Simulation and
experimental results are shown in Sections 4 and 5, respectively.

Finally, the conclusions are stated in Section 6.



2. Envelop current model

This study considers the DWPT system with an S-S equivalent
circuit model shown in Fig. 2, and the main parameters are defined
in Table 1. The capacitors are designed to satisfy the resonance
condition w?L,C; = w2L,C, = 1. With respect to the bandpass
characteristics of the DWPT circuit, the currents are sine waves at
the resonant frequency. Therefore, it is possible to focus on the
fundamental amplitudes of the voltage v;(t) and current
waveforms i,(t) and i,(t). They are denoted as V;(t), I;(t)
and I,(t), respectively. We have:

v, =V sin(agt), I, = 1,sin(a,t), I, = 1, cos(aw,t)
As shown in Table 1, w, is commonly a very big value in

DWPT system. Thus, by neglecting the small terms of high orders,

the following approximations can be derived [13].
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Substitute (1), (2) and (3) into the Kirchhoff’s voltage equations
of Fig. 2 at a given value of the mutual inductance, and then
applying the Laplace transformation, the transfer function from V;

to I; can be established as:
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3. Candidates for primary side current control

3-1) Method 1 (PI controller)
control system is shown in Fig. 3(a) where I] is the reference
value and C;(s) = (Kp1s + Kj;)/s is the transfer function of the

The current

PI controller. From (44), the system in Fig. 3(a) can be equivalently
expressed as the system in Fig. 3(b) and Fig. 3(c) where:

R =T R (0)= L 7= g )
PZ 2 2
H1(5)=1+C1(S?31(S)y P(t)=®M? ()

@(t) varies between a lower-bound ¢ = w?M2;, and an

upper-bound @ = w?M%,,. According to the circle criterion [15],
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Fig. 2. DWPT circuit model.
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
Cy Primary capacitor 14.2 nF
C, Secondary capacitor 33.7 nF
R, Load resistance 57Q
W, Resonant frequency 2m X 85000 rad/s
Mpin Minimum mutual inductance 4 uH
Myax Maximum mutual inductance 20 uH
Vimax Maximum voltage of inverter 30V

L0 Ci(s) - 6()

(a) Original control system.
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(b) Equivalent block diagram.
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(c) Equivalent diagram for system analysis.

Fig. 3. Current control system using PI controller.

H(jw) Im

Fig. 4. Definition of disk D.
the current control system in Fig. 3 is absolutely stable if the
Nyquist plot of H;(jw) does not enter disk D defined by ¢ and
@ in Fig. 4. Thus, the PI controller is designed by assigning stable
poles to H;(s) such that the absolute stability condition is
satisfied. A procedure to design and adjust the PI gains can be

found in our recent study [13].



(3-2) Method 2 (PI

compensator)

controller  with

To enhance the performance of the PI

controller, an idea is to combine it with a lead compensator. This
means the PI controller in Fig. 3 can be replaced by:

Cz(s)= szs+ K., T,s+1 ’

S a,l,s+1

The lead compensator improves the phase margin, thereby

reducing the overshoot of the system [16]. The trade-off is that the
lead compensator increases the high frequency gain of the system,
which makes the system more susceptible to noise. This trade-off
should be considered when designing the controller gains of
C,(s). The design procedure for C,(s) is similar to that of
C1(s). The control parameters {K,», Kj,, az, T} are determined

by pole placement to the transfer function

H,(s)= R)

1+C,(s)R(s)
such that the Nyquist plot of H,(jw) does not enter disk P
defined by [ and ¢ in Fig. 4.

(3-3) Method 3 (ST-SMC or Pl-like-SMC)
The current control system with ST-SMC is shown in Fig. 5. The
ST-SMC is a nonlinear proportional integral like sliding mode
controller which is implemented based on super-twisting algorithm
(STA) [14]. The STA allows us to realize a second order sliding
mode. Moreover, it is able to compensate for a Lipschitz
disturbance theoretically exactly and provide the finite-time
convergence for output variable and its derivative. As shown in
Fig. 5, the voltage command of the primary side inverter is

calculated as follows with e = —(I] — I,):
V, = —Kpgsqrt(abs(e))sign(e)—%sign(e) ..................... ®)

where sqrt() and abs() are the functions that calculate the
square root and absolute value of the number e; and sign() isthe
signum function.

For the sake of practical application, the control gains
{Kp3, Ki3} are adjusted with respect to the following remarks.

Remark 1: At the start-up moment, the mutual inductance M
is very small. Therefore, we can assume that ay = 0 in the
transfer function G(s). Since [y = fia,, it is possible to
approximate the transfer function from V; to I; by a nominal
transfer function:

G,(s)= Bs+ph _ps+pho _ B

S+as+0  SP+as S

Consequently, the nominal dynamics of the primary side current

can be expressed as:
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Fig. 5. Current control system using ST-SMC.

where the term f; represents the lumped disturbance, which
includes the real disturbance to the system and the mismatch
between the nominal dynamics model (9) and the real dynamics
model (4). Assuming that f; is Lipschitz, such as | fd| <§é,
where & is a constant. The necessary and sufficient stability

condition for the closed-loop nominal system is as follows [14]:

Kig > 6, Ky >0+ Kig i (11)

Let 6 be a tuning parameter, the gains {Kp3, Ki3} can be
obtained after a fine-tuning process.

Remark 2: To rigorously derive the stability condition for the
control system in Fig. 5, it is possible to apply the Describing
Function (DF) approach to the transfer function G(s) in (4) to
establish a Harmonic Balance equation N(4,w)G(jw) = —1,
where N(A,w) is the DF for STA. The solution of this equation
is the amplitude A and frequency w of the sliding mode’s
chattering phenomenon. Then, system stability can be discussed

via the Loeb’s criterion of orbital stability of periodic motions [17].
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Fig. 6. Mutual inductance in the simulation.
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Fig. 7. Circle criterion test of Method 1 and Method 2.



4. Simulation evaluation

{4-1) Simulation setting By using the
parameters in Table 1, a simulator of the DWPT system was
established using MATLAB R2024a. At the start-up moment, the
mutual inductance increases from a small value of 5 uH, as shown
in Fig. 6. The current reference is set to be I{ = 1.5 4, and the
start-up moment is at 0.5 millisecond. Utilzing the design
approaches described in the previous Section, the control gains of
three methods were selected as follows:
e Method I: K,; = 17.7, K;; = 1.59 x 105
e Method 2: Ky, = 17.7, K;; = 1.59 x 105,
T, = 0.0002[s], a, = 0.5
e  Method 3: K3 =17.8, K;3 =8.1
In detail, the PI gains of Method 1 are obtained by placing the
one pole of H;(s) at —a; and other two poles at —1.8 X 10*.
The absolute stability of the control system with Methods 1 and 2
is clarified by the circle criterion test in Fig. 7. It can be seen that
the Nyquist plots do not enter the disk 9 for both methods. Besides,
the gains of the ST-SMC were obtained under the assumption that
the volume of f; is bounded by & = 8.
{4-2) Simulation result
Fig. 8, by adding the Lead Compensator, Method 2 can reduce the

As can be seen in

current overshoot in comparison with Method 1. Furthermore, the
current overshoot is eliminated by Method 3, thanks to the STA
sliding mode control. The root-mean-square-deviation (RMSE)
values of Methods 1, 2 and 3 are 0.1165A4, 0.1007 A, and
0.0338 A, respectively. In other words, the STA algorithm reduces
the current tracking error by 70% in comparison to the PI
algorithm.

However, there exists a trade-off between current tracking
performance and the chattering of the inverter voltage. As shown
in Fig. 8(d), the inverter voltage fluctuates at high frequency when
utilizing Method 3.

5. Experimental evaluation

{(5-1) Experiment setting To conduct the
experiment, we used the test-bench shown in Fig. 9. The
parameters of the DWPT circuit are summarized as in Table 1. This
test-bench can adjust the relative position between the primary coil
and secondary coil. An FPGA board is used to obtain the envelope
of the current in real-time. We used a digital control system PE-
Expert4, which was provided by Myway Plus Corporation. This
control system is to perform different control algorithms, display
the result in real-time, and store the experimental data. In addition
to using a high-performance DSP, communication times and delays

have been reduced, dramatically improving processing speed.
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(d) Primary side inverter voltage.

Fig. 8. Simulation results.

General vector control processing, including PWM command
output, can be completed in 5 us or less. The control algorithms
were implemented using C programming. The oscilloscope
produced by Tektronix is used to measure the voltage and current
waveforms. The start-up moment suffers very large misalignments
between two coils: The longitudinal and lateral misalignments are
450 mm and 60 mm, respectively, while the airgap is fixed at
85 mm. With this setting, the star-tup mutual inductance is about

5 uH, which is similar to the simulation.
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(b) Current waveform on oscilloscope screen.

Fig. 9. Test-bench system.
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Fig. 10. Approximation of the square-root.

{5-2) STA implementation PE-Expert 4 is
not provided with the fractional order function in its C program
library. Therefore, it is impossible to calculate the square root of a
number directly. To realize the ST-SMC algorithm (8), we will
approximate the square root function by binomial series expansion

(Taylor series). Let X = 1+ & where |g| < 1, we have:

x”—limz o(a-1) (“ n+1) “}3 ............. (12)

N>

Fig. 10 describes a procedure to approximately calculate the

square root by using C programming. The normalization is
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Fig. 11. Simulation of ST-SMC with ideal sqrt function and

with the approximation procedure in Fig. 10.

performed as ¥ = x/A where A is a big enough number such
that: (i) Its square root is understandable (i.e., A = 25, 100,
400...); (ii) |x/A —1| < 1. Thus, the de-normalization step can
be performed by multiplying with the square root of A.

To evaluate the proposed procedure, we repeated the simulation
of Method 3 in the previous Section by two cases: Case 1: The
square root is ideally calculated using MATLAB’s function sqrt.
Case 2: The square root is approximately calculated using the
10 and A = 100. The results in

Fig. 11 shows that the binomial series expansion successfully

procedure in Fig. 10 with N =

approximates the square root for realizing the ST-SMC in real time.

{(5:3) Experiment results The experiment
results of three methods are shown in Fig. 12. Transparently,
Method 1 has the highest overshoot. By adding the Lead
Compensator, Method 2 attains better performance in comparison
with Method 1. By using the super twisting algorithm, Method 3
can control the current without overshoot. This is the same as the
conclusion of the simulation.

The RMSE values of Methods 1, 2 and 3 are 0.3222 A4,
0.2481 A, and 0.2106 A, respectively. These values are bigger
than the RMSE values of the simulation. This can be explained due
to the influence of sensor noises and a small delay-time for
measurement communication and signal processing.

6. Conclusions

This paper provides a thorough comparison of three candidates
for the primary side current control in DWPT system. Both
simulation and experiment clarify that the start-up current
overshoot can be reduced by adding the lead compensator to the PI
controller, or by utilizing the ST-SMC. In addition, the STA
algorithm is shown to be effectively implemented using binomial
series expansion. Future study will consider the chattering analysis
of'the ST-SMC with respect to model uncertainty and measurement
delay. To compromise the trade-off between overshoot reduction
and voltage chattering, it is possible to examine a current control
switching strategy: ST-SMC in the start-up moment, and PI

controller as the current reaches the steady state.
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Fig. 12. Experiment results.
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