Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

Hybrid Output Regulation of DC-DC
Converter for Dynamic Wireless Charging
System

Mengting Zhang* Lorenzo Marconi ** Zhitao Liu*
Hongye Su*

* Department of Control Science and Engineering, Zhejiang University,
Hangzhou, P.R.China (e-mail: 11832053@zju.edu.cn; ztliu@zju. edu. cn;
hysu@iipc. zju. edu.cn)

** CASY-DEI, University of Bologna, Bologna, Italy. (e-mail:
lorenzo.marconi@unibo.it)

Abstract: This paper illustrates a control strategy for voltage regulation problem of DC-DC
converter in dynamic wireless charging applications. The control goal is to compensate for the
disturbances on the input voltage of the DC-DC converter that changes periodically due to the
motion of the electric vehicle assumed to have a constant speed. The paper aims at comparing
two different control solutions based on continuous and hybrid internal model-based regulators.
According to the relative distance of the transmitter coils the fluctuation of the input voltage
is approximated as a continuous-time or a spline-based periodic signal and internal model-
based solutions, which are continuous time or hybrid according to the fluctuation modelling,
are proposed to compensate for such a disturbance. The control performance of the proposed
control schemes are tested through simulation by showing how, as long as the relative distance
between the coils increases, the more involved hybrid solutions improve the performances when

compared with the more simple continuous-time ones.
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1. INTRODUCTION

In recent years Wireless Power Transfer technology is be-
coming more attractive worldwide by gaining popularity in
various type of applications, especially in electric vehicles.
In this relevant application context the key challenges in
the actual battery technology are inadequate storage ca-
pacity asking for efficient recharging systems. To compen-
sate for the slow development of current battery technol-
ogy, Dynamic Wireless Charging (DWC) technology has
developed (see Li et al. (2015), Bertoluzzo et al. (2016) and
Guo et al. (2016)). The development of DWC technologies
has the potential to address the limitation of charging time
and of the actual charging infrastructure. There are two
major types of DWC typically referred to as centralised
and segmented track (Ahmad et al. (2018)). As for the
segmented track type, which is the one addressed in this
paper, each segment of the track has a Transmitter (Tx)
coil with all the coils that are coupled and properly syn-
chronised by a sequence logic which is designed to optimise
the power supply to the Receiver (Rx) coil onboard of
the electric vehicle. A graphical sketch of a typical DWC
system for electric vehicles is shown in Fig. 1.
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Fig. 1. Block diagram of a dynamic wireless charging
system

Inverter

A key component to regulate the output voltage to the
load is the DC-DC converter. This component is subject
to wide range disturbances requiring advanced control
strategies to adjust its duty cycle and to enforce a stable
output voltage to the load. More precisely, one of the most
challenging problem in DWC systems is the variation of
the mutual-inductance between the Tx and Rx coils caused
by the coil misalignment while the vehicle is in motion (see
Hwang et al. (2017) and Rakhymbay et al. (2018)). This
problem results in the constantly varying input voltage
of the DC-DC converter. In other words, when the Rx
coil is precisely aligned to the top of Tx coil, the mutual-
inductance reaches its highest point and thus the input
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voltage is the largest. In contrast, when the Rx coil moves
to the middle between two next Tx coils, the input voltage
drops. The fluctuation of the input voltage is periodic if the
vehicle is moving at constant speed along the segmented
track. To address such misalignment issue and regulate
the output voltage of DWC system to a constant value,
a sophisticated control problem at DC-DC converter level
must be dealt with (see Lovison et al. (2017) and Qiang
et al. (2017)).

In this paper, a solution to the voltage regulation problem
of DC-DC converters based on output regulation theory
is proposed. We first present a modelling analysis of the
periodic disturbance induced by the input voltage fluc-
tuations. The analysis will show that the nature of the
disturbance is strongly affected by the coils relative dis-
tance and by the vehicle speed. A harmonic-based approx-
imation with known frequencies and unknown amplitude
and phase and a spline-based polynomial approximation,
with known transition times between different polynomials
but unknown polynomial coefficients, are both effective to
capture the behaviour of the disturbance. We then design
controllers for regulating the output voltage to a con-
stant value robustly with respect to the input disturbance
induced by the voltage fluctuations and to parametric
coefficients of the DC-DC converter. The solution will nec-
essarily rely on control structures embedding an internal
model of the disturbance, leading to hybrid internal model-
based solutions as long as the coil misalignment is large.

The problem of output regulation has been intensively
studied in the linear (Francis and Wonham (1976) and
Francis (1975)) as well as nonlinear (Byrnes et al. (2002))
continuous-time contexts. Meanwhile, hybrid control sys-
tems have attracted a lot of interest both at academic
and industry level (Goebel et al. (2012)). In the context of
hybrid systems a theory of output regulation was presented
in Marconi and Teel (2010) (see also Cox et al. (2011b),
Cox et al. (2011a)). A significant progress of robust output
regulation for a class of hybrid linear systems and exosys-
tems has been given in Marconi and Teel (2013). That
paper developed key concepts and tools for the hybrid
setting and proposed constructive design procedures for a
hybrid internal model-based regulator yielding asymptotic
regulation in a systematic way in presence of uncertainties
on the regulated system.

In this paper we adopt standard theory of continuous-time
output regulation and hybrid output regulation to address
the problem at hand. The goal of the work is to show the
effectiveness of the internal model-based control schemes
for this problem by also comparing the performances of
the different solutions in relation to the relative distance
of the coils and the vehicle speed.

2. MODEL OF THE DYNAMIC WIRELESS
CHARGING SYSTEM

2.1 Modeling for DC-DC Converter

We adopt the state space average method proposed in
Suntio (2009) to model voltage-mode (VM) buck converter
in continuous conduction mode (CCM). A typical buck
converter is shown in Fig. 2 where ¢;, denotes the current
through inductor L, uc the voltage of filter capacitor C,

Fig. 2. Typical buck converter

ui, the input voltage of buck converter, i, the output
current of buck converter, d the duty cycle of buck con-
verter, u, the output voltage of buck converter and ¢
the reference output voltage of buck converter respectively.
According to state space average method, these variables
can be replaced by a DC term plus an AC term. In the
following we shall denote a generic variable by v =V + 0
where V represents the DC value in steady-state condition
while ¢ is the AC values corresponding to the dynamic
behavior. Moreover, to better analyse the modeling of DC-
DC converter, the parasitic circuit elements such as the
resistances and the diode forward voltage Up are consid-
ered. The values assumed for the component parameters
are listed in Table 1.

Table 1. System parameters for buck converter

System parameter Value

Input Voltage U;y, 300V

Output Voltage U, 30V

Reference Output Voltage Uy 30V
Filter Inductor L 2.76mH

Filter Capacitor C' 470uF
Equivalent Serial Resistance (ESR) ro  0.027Q
Inductor Parasitic Resistance r, 0.041Q2
Diode Parasitic Resistance rp 0.037Q2
MOSFET Parasitic Resistance rgs 0.045$2
Diode Forward Voltage Up 0.49V

Load Current I, 10A
Operating Switch Frequency fs 20kHz

By defining u = d € R as the control input, z =
[ir tc]T € R? the state vector, y = @i, € R the measured
output, d = [t %o]T € R? the disturbance, and e € R
the regulation error between output voltage y = 4, and
the reference r = 1,f, respectively, the standard state
space model of buck converter reads as
& = Ax + Bu+ Ed
{y—C’y;l:+Dyu—|—Fd (1)
e=y—r.

in which the system matrices are

__TL—i-Drds—i—(l—D)rd—i—rc 1

A= 1L L
— 0

L C

[Uin + Up + (rqg — 7as) 11
B = L

I 0 (2)
Cy = [TC 1] Dy, =0

D rc
E=|L L | F=[0 -ro

O -
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Fig. 3. Diagram of moving vehicle along a segmented track

where D represents the ideal steady state for the control
input, namely the duty cycle of the PWM. The variable
e is a regulation error that must be steered to zero by
compensating for the effect of the disturbance d.

2.2 Approximating the input voltage disturbance

In this section we analyse the periodic fluctuation of
input voltage ;, of the DC-DC converter by simulating
three scenarios characterised by different gaps between
subsequent Tx coils. A classical arrangement of Tx coils for
segmented dynamic wireless EV charging system is shown
in Fig. 3, with three segmented Tx coils and one electric
vehicle. The gap h between two subsequent segmented
Tx coils is clearly an important factor of power transfer
efficiency (see Bertoluzzo et al. (2016)). In the following we
simulate three different scenarios characterised by taking
the gap h between subsequent Tx coils to be as 100%,
200% and 300% of coil length [ and considering a constant
vehicle speed.

The simulation is performed by adopting the electromag-
netic analysis tool ANSYS MAXWELL (Chen and Liu
(2014)) and considering a double-D coils in this segmented
dynamic wireless charging system. The behaviour of the
input voltage disturbance as a function of the longitudinal
misalignment in the three indicated scenarios is shown in
Fig. 4. As expected, the DC voltage in the receiver side
reaches its maximum when the Rx coil is precisely aligned
to the top of each Tx coil. Then, when the vehicle moves
forward to the next Tx coil, the input voltage gradually
decreases and reaches its minimum value. The change of
input voltage is clearly periodic if the vehicle is moving at
constant speed along the segmented track.

To pave the way to the control design, in the next part of
the section we look for approximations of ;,(¢) that are
exosystem-generated. The goal is to obtain an appropriate
(approximated) model of the disturbance to be embedded
in the controller as internal model in order to reduce its ef-
fect on the regulated output. We adopt two approximated
functions at increasing levels of complexity that are in
principle able to capture the main behaviour indicated in
Fig. 4. The plot on the top of Fig. 4 suggests that when
the relative distance between coils is small relatively to the
vehicle speed, the disturbance is well approximated with
a periodic continuous-time signal with known frequency
(dependent on distance h and on the speed) and unknown
amplitude and phase (depending on the vehicle initial
position and other physical parameters such as mutual
inductance typically unknown). An exosystem able to gen-
erate such a behaviour is given by

(=8¢, ding=01¢, C(eR¥®s (3)
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Fig. 4. Input voltage disturbance on the receiver side:
(a)h =1; (b)h = 21; (c)h = 3.

in which S is a critically stable matrix with Ny complex
pairs of eigenvalues at +j€; (€;,% = 1,..., N; being the
disturbance frequencies) and I'y = (y1,72, .-, V2N, ), Y2i =
07’72i+1 = 137’ = ]-7 ceey Nf

Fig. 5 shows, in the three simulated scenarios, the approx-
imation error (as a function of the longitudinal misalign-
ment) between the three disturbances plotted in Fig. 4 and
the output of the exosystem (3) when the initial condition
of the latter is taken to match the main frequencies of
the signals. Here, we fixed the number of Ny in the three
simulated scenarios as Ny = 2. The approximation is
perfect when h = [, while it clearly degrades when the
coil distance increases.

In order to improve the approximation in all the three
scenarios, we approximate the input voltage curve as
a spline-based disturbance. With an eye to Fig. 4, the
periodic input voltage 4, (¢) can be thought of as obtained
by concatenating a basic signal B(t)as

. t

L= LTJ
where the period is given by T and B : [0,T7] — R is a
sufficiently smooth function. B(t) can be taken as a spline

function that passes through N equally spaced points
{p1,p2,...,pNn} at time instances {ti,ts,...,tx}, namely

lin(t) = B(t — iT), £>0, T>0
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Fig. 5. Approximation error of continuous-time exosystem

B(tk) = Pk, tk+1 —tk = T/N, k= ]., ceey N with tl = 0. The
basic theory of spline interpolation (Schumaker (2007)) is
then used to interpolate N polynomials Py (t) : [tr, tet+1] —
R such that Py(tx) = pk, Pr(tk+1) = Pk+1,k = 1,..., N
Then, by following the design method of exosystem gener-
ating splines presented in (Cox et al., 2012), it turns out
that, by letting P = (p3 ... pv p1 p2), @1 = (1 O1x3) and
So € R*** whose elements are all zero except along the su-
perdiagonal, the voltage disturbance can be approximated
as the output of the following hybrid exosystem

F=1

1= 50G1 ¢ (7,€) € [0, Tinaa] x RN

(=0

=0 (4)

G = Jiili + Ji2G § (1,€) € {Tmaz} x RV
(3 = Janlo
ﬂin,Q = Q1<1

where Tnax = T/N,

I3 0
m (5 0)
Joy — (O1xn-1 1
22 In—1 On-1x1
with Ly = 6/73 . Ps and

—18

3
max

—6

2
Tmax

In a more compact way the previous hybrid exosystem can
be written as

12
Q1
T;%Lax
—18
5— @150

max

Ll — Qle_SOTmaw +

+ QISOe_SOTrnam +

C.%_SEC} (1,¢) € [0, Trmaz] X RN+

=0 (5)
M
Uin,2 = I'2C

where the matrices Sy, Jo and I's and the state ¢ are
implicitly defined.

Fig. 6 shows, in the three simulated scenarios, the approx-
imation error (as a function of the longitudinal misalign-
ment) between the three disturbances plotted in Fig. 4
and the output of the exosystem (5) when the initial

1 We use the notation used for hybrid systems proposed in Goebel
et al. (2012).
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Fig. 6. Approximation error of spline-based exosystem

condition of the latter is taken to match the prescribed N
points {p1, p2, ..., pn } of the basic signal B. Here, we fixed
the number of N as N = 4. Similarly to the continuous
time case, the approximation also degrades when the coil
distance increases.

Overall, by choosing Ny for continuous-time exosystem
and N for spline-based exosystem appropriately, the
continuous-time and hybrid approximated model are able
to better capture the behaviour of the input voltage.

3. THE INTERNAL MODEL-BASED ROBUST
REGULATOR

We build on the arguments presented in the previous
section to design a robust controller embedding an internal
model of the periodic disturbance. With an eye to (1),
the goal of the controller is to let the regulated output
y track a constant reference r by compensating for the
effect of the disturbance d(t), the latter given by the
periodic input voltage i, (t) and the output current i.
Uncertainties that typically characterise the system are
of different kinds. As for the periodic input voltage t;p, (¢),
the scale and the phase of the signal are typically uncertain
since they depend on the mutual inductance and on the
vehicle position between coils. This uncertainty reflects
in a lack of knowledge of the initial condition of the
exosystem in the two approximation scenarios dealt with
in the previous section. On the other hand, the frequency
of the signal, depending on the speed of the vehicle and
the geometry of the coils arrangement (i.e. h and ), can
be assumed to be known. This, in turn, is reflected in
the fact that the exosystem dynamics, captured by the
matrices S;, J;, i = 1,2, and by 7,4, in the two addressed
approximation scenarios, are known. As for the output
current %, it can be considered constant but unknown
since its values is typically affected by the load. Overall,
thus, the disturbance and the reference signal, in the two
approximation settings presented in the previous section,
can be compactly thought of as generated by an exosystem
of the form

—
wT: Sw} (1,w) € [0, Timaa] X R™

7.+ =0 (6)
ot = Jw} (1yw) € {Tmaz} X R™

(%n) =Lqw, r=Lw (7)

20
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in which, in case 4;, is modelled as in (3), n,, = 2Ny + 2,
w = col(wy, we, w3) with wy € R2Vf wy € R, w3 € R, Ly
and L, are such that Lyw = col(Tywy, ws), Lyw = ws,

St O2npx2
= = [n ,
5 (02fo2 O2x2 d w

with (S7,I'1) introduced above, while, in case ;, is
modelled as in (5), n, = N + 6, w = col(wy, we, ws3) with
wp € RVt wy € R, wy € R, Ly and L, are such that
Lgw = col(Tywn, we), Lyw = ws,

g S Ontax2 J o= J2 Ontaxe
O2xN+a  O2x2 O2x N4 Iax2
with (Sg,J2,T'9) introduced in the previous section. We
observe that, in the first case, the exosystem is continuous
time, namely the jump dynamics is fictitious (J = T
and Tyax irrelevant). Furthermore, we observe that the

above said uncertainties reflect in the fact that the initial
condition w(0) of the exosystem is not known.

Overall the regulated plant (1) with the external distur-
bance modelled as above can be written as

P=1
w = Sw (1,w) € [0, Traz] X W
= Ax + Bu+ Pw
=0 (8)
wh = Jw (yw) € {Tmaz} X W
zt = Mz + Nw

e=Cox+ Q.w

in which C, = Cy, P = ELg, Q. = FLg— Ly, M = I,
N = 0Oaxn,, . We further observe that, in case the voltage
disturbance is modelled as in (3), system (8) is indeed
continuous-time, namely J = M = I, and the state of the
system doesn’t change during jumps (wt = w, 21 = =,
and the definition of 7,4, is irrelevant).

In this context the problem is then to design a regulator
of the form

=0
{ = Fpé+ Gpe
=0
u=V¢+ Ke

such that for all initial conditions (7(0),w(0), 2(0),£(0)) €
[0, Trmaz] X R™ x R2 x R™¢ the trajectories of the resulting
closed-loop system (8)-(9) are bounded and the regulation
error e converges to zero asymptotically. Such a controller
becomes continuous-time in case ;, is approximated as in

(3).

} (1,€) € [0, Trmaz) X R™¢

(9)

3.1 The regulator with continuous-time internal model

By considering the voltage disturbance modelled as in (3),
we firstly consider the continuous-time system described
by the flow dynamics of (8) and we design a continuous-
time regulator embedding as internal model a copy of
(3). Since the system in question has relative degree one
between the input w and the error e and it is minimum-
phase with respect to this input-output pair, by following
the basic regulator theory the regulator takes the form

Continuous-time regulator with multiple frequencies, N=2
002 : : :

0015

0.01

Fig. 7. Continuous-time internal model-based regulator.
Steady-state error e(t)

& =&Girithigle
€nw—1 = (I)g + hnu,—lgnwile

u = K& + Kee
in which, with h; appropriately chosen and ¢ sufficiently
large, ® fixed according to the characteristic polynomial
of S, K. = —k with k a positive design parameter, and
K¢ = —K.. It turns out (see Isidori et al. (2003)) that if
K is taken sufficiently large then the controller (10) solves

the problem provided that w is generated as in (3).

(10)

The simulation results obtained with this controller in the
three coil scenarios illustrated in Section 2.2 are presented
in Fig. 7, showing the steady state errors. The results have
been obtained by taking x = 1, and h; and g chosen so
that the £ subsystem is Hurwitz. As expected the closed-
loop steady state performance deteriorates as the distance
between the coils increases.

8.2 The regulator with hybrid internal model

In this part we consider the voltage disturbance as gen-
erated by the hybrid exosystem (5) and we propose a
hybrid internal model based regulator by following the
theory of Cox et al. (2016). By following that theory we
let I, : [0, Tmax) = R?X™» and R : [0, Tax] — RX™ be
the solution of the hybrid regulator equations

Ma7) _ 411, (r) — IL()S + P + BR(7)

d
"0 = MIL (o) — L (0)T + N
0=CIL(r)+Q

and we consider the regulator

(11)

£=F(@)E+G(r)u  £cRNTS
£ = Timé (12)
u=TI(r)¢+ Ke

flowing and jumping according to the clock 7, in which
K = —k with x a design parameter, (F,G,Y) is a triplet
fulfilling the properties of Definition 2 in Cox et al. (2016).
The regulator (12) entails the design of an asymptotic
observer for the steady-state generator system. For details
about the structure of (F,G,X), the interested reader is
referred to Cox et al. (2016). As shown in that paper, since
the flow dynamics have relative degree one between the
input v and the error e and they are minimum-phase, the
regulator (12) solves the problem at hand provided that
the design parameter « is kept sufficiently large and the
voltage disturbance is generated by (5).

The steady state errors obtained with this controller in the
three coil scenarios illustrated in Section 2.2 are presented
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Fig. 8. Hybrid internal model-based regulator. Steady-
state error e(t)

in Fig. 8. The results have been obtained by taking x = 1.
As expected the hybrid regulator improves the closed-loop
steady state performances greatly when compared with
the continuous-time one although it also deteriorates as
the distance between the coils increases.

4. CONCLUSIONS

In this paper, a novel control method for buck-type DC-
DC converter in the dynamic wireless charging scenario
is presented. The theoretical background is based on the
output regulation theory under the hypothesis that the
input voltage fluctuation of DC-DC converter due to the
motion of the electric vehicle can be approximated as a
continuous-time or a spline-based periodic disturbance.
The continuous-time and hybrid internal model-based reg-
ulators have been designed to compensate for such a
disturbance according to the disturbance modelling. The
simulation results shows that the more involved hybrid
solutions improve the closed-loop performances when com-
pared with the more simple continuous-time ones as the
relative distance between the coils increases. Future works
will deal with developing solutions that are robust to also
possible uncertainties of the plant and to deal with the
other DC-DC converters that are non minimum-phase.
Experimental activities are also planned.
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