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Controller Design for an Uncertain Contactless Power Transfer System
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Abstract: This study aims to effectively restrain the effect of parametric pertwbations on operating performance
for Contactless Power Transfer (CPT) system. A generalized state-space averaging method based on frequency
domain decomposition s applied. By tlus method, CPT system 1s approximately a linear time-mvariant system
and then a linear fractional transformation of GSSA model and its parametric uncertainties is discussed to
generate a linear dynamic system with the pertwrbed feedback. Aimed at this generalized system with the
structured parametric uncertainties, the D-K iteration method is proposed for designing a p-synthesis controller
based on the Structured Singular Value (S5V). The sunulation and experimental results show that p-synthesis
control system has a certain dynamic performance and robustness and can not only rapidly restrain the effect
of frequency and load pertwrbations on the system itself but also accurately track the steady value of output
voltage. The results also verify that p-synthesis method 1s effective for the CPT technology.
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INTRODUCTION

Contactless Power Transfer (CPT) technology utilizes
high frequency magnetic coupling to realize wireless
energy transfer m short distance. Since there doesn’t exit
electric contact in the power transfer process, the CPT
technology has been widely used in special power
utilization environments such as inflammable, explosive,
humid and underwater environments. Furthermore, 1t can
provide flexible power supply for biomedical and medical
devices and electric transportation vehicles. In the last
decade, CPT technology has attracted more and
more attention from power electronics researchers
(Chaowi et al., 2005, Ghariam et al., 2006; Hmida et al.,
2007, Casanova et al, 2009, Kissin et al, 2009,
Keeling et al., 2010, Low et al., 2010; Moradewicz and
Kazmierkowski, 2010).

In CPT system, due to parameter variations,
especially for the distwbance on frequency and load
parameter, system performances which include power
transfer efficiency and distance will drop accordingly.
Specially, when the frequency vanation exceeds some
extent, it will bring multi period operation problem
(Tang et al, 2009) which will influence the system
stability. A typical CPT system mcludes high frequency
wnverter, resonant tank, magnetic coupling and rectifier. It
makes the CPT system is a typical high order nonlinear
system which is easily affected by parameters
disturbance.

Due to the system complexity, classic control
methods mainly focus on single objective control (such as
frequency and excitation current) which are independent
of system model. For example, aimed at frequency stability
control, dynamical and static resonant compensation
methods were proposed by Ping et al (2006, 2008),
respectively. And a piecewise control method, which can
select different control strategies according to control
error and its derivative, was proposed to maintain
excitation current constant (Guodong et al., 2008). In
article of Yang et al. (2010), considering frequency
uncertamty, a numerical iteration computing method to
acquire the range of frequency variation and an EMI filter
design method were proposed to mamtam frequency
stable. Tt is obvious that above methods are limited by
high order, nonlinear and multi disturbance characteristics
of CPT system.

At present, robust control methods (Bai et al., 2005;
Asseu et al, 2008; Soltanpour et al., 2008; Li and
Fang, 2009) for multi objectives mainly include H. and p
approach. The H. optimal method (Gaviria et af., 2005) 15
designed to mamtain system robust stability under worst
disturbance condition, which ignoring the robust
performance of whole system and resulting in system
conservation. The H_ control method i1s mainly designed
based on non-structired uncertanty and small gain
theory. While the p-synthesis control method (Li et al.,
2010) mainly focuses on structured uncertainty. Tt utilizes
system structured singular value to depict the effect of
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structured uncertainty on system stability and robust
performance. Tt can solve the conservation problem
brought by H. control method.

Based on SP type CPT system, considering the
structured uncertainty of system operation frequency and
load parameter, the paper put forward a p-synthesis
controller with structured singular value. The method can
umprove system dynamical and robust performance under
the parameter disturbance of frequency and load. The
method models the whole system with Generalized State
Space Averaging (GSSA) method. And the uncertainty
part of the model is detached by upper fractional
transformation. Furthermore, with D-K numerical iteration
algorithm, a p-synthesis output feedback controller is
proposed and verified by the simulation and experimental
results.

OPERATING PRINCIPLE OF SP-TYPE
CPT SYSTEM

SP-type CPT system is a typical contactless power
transfer system with the circuit topology of the primary
side series resomance and the secondary parallel
resonance, its circuit diagram can be shown in Fig. 1.

In a SP-type CPT system, the DC voltage source E,,
is the input. And two switching pairs (S1, S4) (S2, 53)
compose high frequency inverter network. With the
complementary conduction of the two switching pairs,
high frequency energy is injected into the series resonant
network {composed by C; L; and R ). To obtain high
quality sinusoidal oscillation, the zero-crossing detection
of primary resonant current 1, 1s utilized to ensure
zero-current switching condition of the inverter network.
The contactless transmission of high frequency energy 1s
realized by magnetic coupling between the primary
exciting coil L, and the secondary pickup coil L;. In the
secondary side, the parallel resonant network (composed
by L, Cg and R.,) is utilized to produce resonance to
acquire maximum power transfer. Furthermore, the high
frequency energy 1s transformed to DC energy output
with rectifier and filter (L, C;).

Primary part

Secondary part

Fig. 1: Circuit topology of SP-type CPT system
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To enswe maximum efficiency in the power
transmission process, the inherent resonant frequency of
primary series resonant network and secondary parallel
resonant network should be consistent (Nayak and
Reddy, 2011) and the inherent resonant frequency can be
expressed as:

@ =1 LGy = LG (1)

According to the magnetic coupling principle, the
RMS wvalue of the open-circuit voltage of secondary
pickup coil can be expressed as:

Uge = wMIp (2)
where, w, is mherent resonant frequency, [;, is the RMS
value of primary resonant current, M i1s the mutual
inductance between the primary side and the secondary
side coils.

On the condition that the secondary side adopts
parallel resonant network, the relation between
output voltage U, and secondary
voltage U 1s approximately U, = QgU,., which Q 1s the
quality factor of load resonant circuit and can be
defined as:

open-circuit

Ry
oyLs

Q= (3)

To satisty the power demand of load, the maximum
output power should fulfill:

UOCISCQS>PO (4)

where, L. 1s short-circuit current, P, 18 output power of

load. Therefore, short-circuit current of the secondary
side should satisfy:

3

MODELING OF SP-TYPE CPT SYSTEM

The linearization approximation model of SP-type CPT
system: As SP-type CPT system exhubits high order
nonlinear characteristics, therefore, with GSSA method,
the nonlinear model of the high frequency inverter and
rectifier can be transformed to linear model.

According to Kirchhoff's voltage and current laws,
the differential equation model of equivalent circuit of
SP-type CPT system can be described as:
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i, = ANLRy iy, + Loug + MRy +Mu,, -Log (DE,)
ucp' = Cl{li]_F

i = AT (MR, + Mugy + LR i, +Lpuc, -Mg (HE, ) (6)
ug' = Csi1 (ir; - (t)irs)

i =L (g, —ug)

Epe R}
Ug' = Cp (iyg — Ry ugr)

where, g,(t) and g,(t) are binary logic switching functions,
defined as:

oL mT<t<CmiyT2
BT omenT/2<t<(m 41T

7

mel

(&)

T
gz(t)=g1(t_z)

For AC signals 1,,, Ugy, 11, Ue,, the even harmonics are
approximately zero and the odd harmonics are conjugate
symmetric, when the system works close to the mherent
frequency point of the T.C resonant network, fundamental
components of the AC signals can be used to approximate
the sinusoidal oscillation components. And for DC
signals 1, ug, zero-order harmonic component cen be
used to describe the steady-state characteristics and
transient characteristics, the state variables can be
defined as:

E— wgl (s -~ jwgt

i, = <1LF>1 !4 <1LF>_1 e

u, = (u > e]wﬂt+<u > et
Cp Cpfy Cp/y

i =4 Ity /5 - gt

lLs = <1Ls >1 <] + <1Ls >71 (<]

Ug = (ucs )1 et 4 (u o }_1 et

9

b= <iH>u
ugr =gy
Based on the differential characteristics of Fourier
coefficients (Shittu and Shangodoyin, 2008) and the
time-domain differential equations of the SP-type CPT

system, the linear differential equations described by
Fourier coefficients can be obtained as:

(i) = AN LRy (i) +Lgug ) + MR (i) +
M{ug, ), -Ls (g (00} Eg. )~ o {ii, )

{ucy), = Co™ {ing), e {ucy),

(i) = AR (i) +M{ug b + LRy (i) +
Ly {uc, ), - M{g (1), By )= jo (i )y

() =05 (ic, ), - (2 Oine)) = doy {ue, )y

(ire)y =L G g, ), —{ugely)

<qu>|]' = Cfil(ﬁu)u - RLil <qu>|])

(10)
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The generalized state variables of GSSA model can be
detached to the real and imaginary part of the Fourier
coefficients:

(in>1 =X, +jx, <uCp>1 =X +jx, <iLs>1 =X+ jXg

(1)

<“c;>1 =X; + jXg <iLF }g =X {qu)g =Xy

On the basis of convolution property of Fourier
coefficients, the generalized state space averaging model
of system can be established by linearizing the nonlinear
switching term of Eq. 10

X =Ax +Bu

(12)

where, A and B are respectively the system matrix and
control input matrix.

The uncertain model of SP-type CPT system: To restrain
the mfluence of frequency and load perturbation for the
system effectively, the uncertam model with respect to
frequency and load of SP-type CPT system is established.

First, operating frequency and load parameter of
system are defined as:

w:d(IermSm) (1 3)
Ry =R/ (1+p.3)
where, w and R; are uncertain parameters but their
variation range are bounded. »" and R, " are the nominal
values of frequency and load parameter, respectively,
p.0, and p; &, represent perturbation range of frequency
and load parameter, respectively, where 8, and & _ are
normalized uncertain parameters, namely satisfy [|&,] <1,
[6.1<1, p, and p, which directly determine system
performance, are coefficients of uncertain parameters 8,
and 8., respectively. The parameter uncertainty model of
CPT system 1s to separate two uncertain parameters 0,
and &, from the linear approximation model of system.
The frequency and load parameter can be expressed
in the form of upper linear fractional transformation

W= FU (Mm) 60)):

1
- —E 8
RL U(ML L)

system structure with upper fractional transformation can
be shown in Fig. 2.

where, both M, and M, are mvariant transfer function
matrixes, respectively are:

(14)
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O (s

- VR,

The input and output of uncertain parameters §, and
3, can be expressed as y,,. 1, and y;. u,, are x; and x; are
system state variables, hence there existv,, = xw,
v, = %/R.. M, and M, both have 2 inputs and 2 outputs,

the relationship between input and output can be
expressed as:

Vo | | 0 @ || Uy | oo*xi (1 6)
Vi | P, @ X - P, + O,

|:_pL URL*}{UJL}: TPty /RL* (1 7)
-p. VR x —pruy +X R

By separating uncertain parameters 8, and 8, relating
to each state variables, uncertain matrix A of SP-type CPT
system can be obtained as:

A=diag {d,,.... 0, 0.} (18)
where, AeR™ 04)=<1

And input and output of uncertain matrix A are used
as output and input of nominal model and can be
expressed as:

¥ = pertin =y, ¥ Vg Yig I

(19)

_ _ T
u, = pertout = | PR I PCEE P Py |

The uncertain model of SP-type CPT system can be
expressed as a linear dynamic system with perturbation
feedback G = F, (G4, A), as shown in Fig. 3.

In Fig. 3, G, 1s generalized nominal model,
perturbation block A is uncertainty part, input vector u

ML

v

Y
—

Fig. 2: Linear fractional transformation for uncertain
parameters o and R

A

A

Fig. 3: Uncertain model of SP-type CPT system
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includes all external signals, such as input and output
perturbation, noise, reference input, etc.

The state space for generalized nominal model G,
can be described as:

)'(=Ax+B1up+B2u
(20)

¥ =Cx+Dyu, +Dyju
¥=Cyx +Dyu, +Dyu

Which, xeR” 1s state variable, ueR™ is control input,
y€eR" is measured output (lead output voltage), ueC” and
y,€C" are external signals of model uncertainty.

p-SYNTHESIS CONTROLLER DESIGN

In SP-type CPT system, to overcome the mfluence to
system performance from frequency, load perturbation
and output disturbance, the output feedback controller
based on p-synthesis method u(s) = K (s)e(s) can be
shown in Fig. 4.

In the figure, ref is reference value of load output
voltage in; G, 18 generalized nominal object model; A 1s
norm-bounded structured uncertainty block; d is load
output disturbance with limited energy, that is del,;
W, and W, are performance weighting functions They
reflect robust performance requirements at different
frequency.

p-synthesis problem: First closed-loop control system
can be transformed into the standard linear fractional
description for p-synthesis control, as shown n Fig. 5.

Z = [e,, ¢,]" is controlled output, P represents opern-
loop connection, including generalized nominal model and
performance weighting function, A is augmented
perturbation matrix composed of structured uncertainty
block AeR™ and performance uncertainty block
AeCh

5 1©
BERC

0

) il
@:Iol, £1, [y, £3y
pU

b

p-synthesis for system robust stability and performance
is to find a steady controller K, such that:

(21)

Ref

Fig. 4: Block diagram of p-synthesis control system
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supj,[M(P,K)(j}] <1 (22)
el

Considering the optimal case, above problem can be
attributed to find the mimmum amplitude and frequency
peak value of 1,¢) for closed-loop transfer function M (s)
in all steady controllers K, that is:

infsupp, [M(P.K)(jw)] (23)
Kis) peR

When solving p-synthesis problem in practice, upper
bound of p can be wsed to replace 10, according to
theorems (Kemin et af., 1996) and p-synthesis problem
can be further described as:

(24)

infinf
K(s) DeD

DM (P,K) (jco)D"H°°

where, P€D called metric matrix and set D is defined as:

D= {diﬂg(D1>"'>Ds>d1Imls"'sdem[):
D,eC¥ D, =D » 0.d,eR.d;>0}

p-synthesis controller: The effective approximate method
for solving the p-synthesis problem 1s D-K iterative
algonithm, 1ts principle 1s to alternately the mimmize Eq. 24
with fixing metric matnx D and controller K, respectively.

The first step of D-K iteration is to select D (s) =1, an
output feedback controller is solved. However, within the
frequency range of [107%, 10°], the peak value of p for
closed-loop system reaches 118.004, which will dissatisty
the design requirements for robust stability and robust
performance.

By going on with D-K iteration, the robustness of
system 1s continuously improved until there exit p<1 in

T VA

H H

A e

: :

A e

L] L]

L] L]

L )
e ———— """"I
H L]
i . H
L] L H
L]

' > H
H P H
d - > : > 7
' q [
: > i
1 L]
! H
H L]
H L]
! H
H K |« H
M(s) i
H a2

Fig. 5: Standard block
system

diagram of p-synthesis control
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the entire frequency band of [107% 10°]. The result at
tenth iteration is shown in Fig. 6.

Obviously, in the observed frequency range, the
amplitude-frequency curves of the p value 1n closed-loop
system are always below 1, which indicate the robust
performance requirements are met under the p-synthesis
control. In the frequency range of [107% 10, the peak
value of p 1s 0.571, indicating that to maintain the stability
of closed-loop system, the permissible perturbation are
[|A<1/0.571 with structired parameter uncertainty.

In the process of D-K iteration, characteristic
parameters of controller and D-matrix are shown in
Table 1.

As it can be seen, with every iteration, p-value and
y-value of closed-loop system decrease accordingly,
indicating that the robustness of system is improved
constantly; the order of p-controller 1s directly related to
metric matrix D, after the tenth iteration, the order of
p-controller will be 46, it 13 necessary to reduce the order
for the controller.

The contrast frequency response curves of
p-controller before and after reduced-order are shown in
Fig. 7. It can be seen that the two frequency response
curves are consistent.

Table 1: Tteration parameters
Iteration Controller order Total D-scale order vy achieved Peak p value

1 12 0 950 118
5 108 96 16.8 2.43
7 76 &4 14. 4 118
10 46 34 8.28 0.571

0.60

0.55
ES

0.50

— T — T 1
10~ 10° 10° 10* 10°

Frequency (red sec ')

Fig. 6: p values at 10th iteration

g 10
i i
s 10 4
gs
= 106° . . .
— 0
83 500 \\Q
i
-1000 . N N
10 10Y 10¢ 10* 10°
Frequency (rad secG?)

Fig. 7: Frequency response curves of full-and reduced-
order controllers (46 order-real line, 8 order-dash
line)
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Tt should be noted here that the solving result of D-K
iterative algorithm only is the optimal solution in the
frequency band of [107%, 10°], hence the designed
p-synthesis controller can’t guarantee a global optimal
solution but its effectiveness has been verified by coming
simulation and experimental results.

EXPERIMENTAL AND
SIMULATION RESULTS

According to the operating principle of SP-type CPT
circuit, the main circuit parameters for the simulation are
shown in Table 2.

Simulation result: With the MATLAB/SIMULINK
simulation platform, simulation model has
established with parameters in Table 2, shown in Fig. 8.

The voltage source Ey, is realized by a buck chopper.
In the sumulation, the output voltage 1s sampled and sent
to discretized p-synthesis controller. And the coentrol
output is transformed to PWM signal by PWM block to
drive the buck chopper.

First, thus paper sumulates and analyses the startup
process of SP-type CPT system. The simulation time 1s set
at 0.05 sec, the system starts up at 0.02 sec and required
output voltage of load is set at 40 V, the waveforms are
shown in Fig. 9.

It can be seen from the figure that p-synthesis
controller has fast response at startup, the load output u,
can be stabilized on 40 V after a small overshoot by
adjusting input voltage E,. The adjusting time 1s about
10 m sec. However, since buck converter exists inherent
output ripple, the waveform of u, at steady state is
affected relevantly. The small overshoot of startup
process and short adjusting time show the closed-loop
system has a good dynamic response characteristic.

The closed-loop system’s ability to restrain the
perturbation of circuit parameters directly reflects the
robust performance of system. Assumimg that the
reference value of output steady voltage 1s 40 V, under
the condition of load pertwbations: the load value is
100 Q in the range of [0.01, 0.03) sec; the load value varied
to 300 € in the range of [0.03, 0.03) sec; the load value
reverts to 100 Q in the range of [0.05, 0.07] sec. The
system waveforms with whole load perturbations are
shown in Fig. 10.

From the figure, ripple amplitudes of output voltage
E,. of buck converter with load perturbations are slightly
different, ripple with 300 Q load is small; the envelope of
the primary resonant current i, tends to be smoeoth with
the reduce of mipple of E,; the current through load
changes obviously, while the amplitude of output voltage

been

Buck chopper
Y YY)
\ A L,
+ T SP-Type
U, S = || E, CPT
‘ * ZS ’ G System
Duty .
PWM (¢ u-Synthesis u, Output
block controller detection

Fig. 8: Block diagram of closed-loop control system
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Fig. 9: System waveforms in startup process (200 Q)
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Fig. 10: System waveforms with load perturbations

Table 2: Parameters of SP-type CPT system

Cp/uF Lp/uH M/uH Co/pF
0470 158 43.0 1.00
Le/uH CyuF Ly/mH R /Q
74.3 22.0 1.00 200




Inform. Techrol. 1, 11 (8): 971-979, 2012

- Agilent technologies THU MAR 31 11:42:03 2011
Domovy @ move FoSeoar ) 0 G e Boe mgr FE oo

/
]

Fig. 11: Startup process of CPT system (1: u,, 50.0 V/Div,
2: B, 20.0 V/Div, 3: 1, 5.00A/Div, Time: 50.00
msec/Div)

- Agilent technologies THU MAR 31 11:41:25 2011
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2

Fig. 12: Steady state of CPT system (1:u,, 50.0 V/Div,
2:E,. 10.0V/Div, 3: 1, 5.00 A/Div, Time: 50.00
psec/Div)

u, has little change, which shows that the system output
has a certain robustness for load perturbations with
p-synthesis control.

Experimental results: To verify the effectiveness of
p-synthesis controller, the experimental device of system
15 established on the basis of principle block diagram
shown in Fig. 8. To obtain high-precision control effect
and good sine wave oscillation, we use DSP (Digital
Signal Processor) TMS320F2812 as the main control chip
to achieve p-synthesis discrete control algorithm; the
buck chopper link uses 20 V dc-source. The system
realizes steady voltage robust control of u, by high-speed
sampling, processing output voltage u, and exporting
PWM switching signals of buck link.
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= Agilent technologies THU MAR 31 11:53:57 2011
[ R DT I L TET UG T L

14

|I| y I [T i i I

Fig. 13: Process with the load perturbations (1: u,, 50.0
V/Div, 2: By, 20.0 V/Div, 3: 1, 5.00A/Div, Time:
100.00 msec/Div)

Figure 11 is circuit waveform in startup process,
including output voltage u, of load, output voltage E,. of
buck converter and primary resonant current i,

Tt can be seen from the Fig. 11 that u, can be stable at
40 V after a certain overshoot with p-synthesis controller
after power on, the entire process last about 30 msec, a
little longer than simulation time. Consistent with the
simulation result, E, also has ripples of a certain
amplitude.

To observe the waveform quality of circuit, the
waveforms of steady state in Fig. 11 are expanded, as
shown in Fig. 12.

Figure 12 shows output voltage u, can be stable at
about 40 V and steady state error is small although E,. has
a certain ripple; the primary resonant current i, is close to
standard sine wave oscillating characteristic, mdicating
that SP-type CPT system with p-synthesis control has
good waveform quality.

Similar to the simulation process, we study and
evaluate the robust performance of system by observing
the effect of load perturbation for closed-loop system.
Figure 13 shows the relevant waveforms with different
loads, experiment processes are divided into three steps
with different load values 100, 300 and 100 €2.

Obviously, when load value is 300 £ (intermediate
regime), the amplitude of E, and i, decrease
correspondingly. But in the entire process, output voltage
u, is barely affected by load perturbation. The
experimental results are in accordance with simulation
results.

In addition, the steady waveforms with different load
values above are shown in Fig. 14, including output
voltage u, PWM gate signals and primary resonant
current iy,
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Fig. 14(a-b): Steady states of CPT system with different load values (1: u,, 50.0 V/Div, 2: PWM signal, 10.0 V/Div, 3: i,
5.00A/Div, Time: 50.00 usec/Div), (a) Steady state 1 and (b) Steady state 2

THU MAR 31 16:55:41 2011
B o i L SR L L

- Agilent technologies

Fig. 15: Process with the reference values of steady-
voltage changed (30, 20, 40 V) (1: u,, 20.0 V/Duv,
2: B, 10.0V/Div, 3: i, 5.00A/Div, Time: 200.00
msec/Div)

Figure 14 show that u, and 1,, have good waveform
quality at different steady states, the duty cycle of PWM
signal is basically stable: the stable duty cycle is D = 0.67
with R, =300 £; the stable duty cycle 1s D = 0.82 with
R =1000Q

In the application of CPT technology, to improve
operating efficiency, output voltage should be varied
dynamically with actual demand of loads. The reference
values of output voltage 30, 20, 40 V 1s given successively
to observe the following features of p-synthesis control
system in the experiment.

Figure 15 shows that the system can follow the

variation of reference voltage value quickly with
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p-synthesis control, due to this, the real-time duty cycle
calculated by p-controller is comparatively small when the
reference voltage is lower which may cause zero flow of
1;,. Thus, to ensure the normal operation, the minimum of

duty cycle should be limited in the algorithm.
CONCLUSION

(3SSA 18 a modeling method using low order Fourier
series for approximating time-domain variables of system,
which is not only suitable for dc variables with slow
time-varying characteristics but also suitable for ac
variables with rapid oscillation characteristics, besides,
transient and steady process of electronic devices can be
analyzed faster and better.

Therefore, SP-type CPT system separates uncertainty
of GSSA model with GSSA modeling method by linear
fractional transformation for the system uncertainty. The
p-synthesis control system designed for uncertainty of
system parameters can quickly startup and accurately
track the output steady voltage value of load and can
restrain the effect of load pertwbation for system
effectively, so that the robust stability of system can
satisfy certain robust performance. The simulation and
experimental results have venfied the feasibality of
p-synthesis method on the field of CPT.
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