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Research on Output Feedback Guaranteed
Performance Control for Dual-pickup ICPT
System Based on D-LCL Compensation

Xin Li, Wen-li Gao, and Hao Wang

Abstract—The high-power high-frequency dual-pickup
inductively coupled power transfer (ICPT) system has
high-order resonant characteristics and is highly sensitive to
changes in system parameters. It is necessary to overcome the
influence of parameter uncertainty on the system. In this paper,
the dual-pickup ICPT system based on the D-LCL
compensation circuit adopts the output feedback guaranteed
performance control, which ensures the robustness of the
parameter uncertainty system while ensuring the boundedness
of its performance index. Firstly, establishing the dynamic
model of the system, on this basis, the parameter uncertainties
are introduced to form the uncertainty system model. Then,
using the linear matrix inequality (LMI) method, the
guaranteed performance controller of the uncertain parameter
system is designed, this paper givens the necessary and
sufficient conditions for the existence of the output feedback
guaranteed performance controller. Finally, the LMI Control
Toolbox in MATLAB is used to verify that the control method
can ensure the system has excellent robust stability and
performance robustness, and the system has excellent tracking
performance when the parameters change.

Index Terms—D-LCL compensation, dual-pickup ICPT
system, parameter uncertainty, guaranteed performance
control, linear matrix inequality (LMI).

I. INTRODUCTION

HE dual-pickup inductively coupled power transfer

(ICPT) system realizes power transfer from the
stationary grid side to multiple mobile devices contactless
based on the principle of electromagnetic induction,
high-power high-frequency inverter technology and
resonance compensation technology [1]. The dual-pickup
ICPT technology can increase the reliability and safety of
power supply, improve the power capacity of the system, and
meet the occasions with high power requirements [2]-[4].
The fields of power supply, including high-power electric
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vehicles, trams and high-speed railway trains [5]-[9], has
used the ICPT technology. This paper gives a particular focus
to the study of the dual-pickup ICPT system with rail
transport as the application background.

In the dual-pickup ICPT system, the loosely coupled
transformer has a low coupling coefficient and the large
leakage inductance, resulting in higher reactive power and
lower transmission efficiency during transmission. To reduce
reactive power, unnecessary loss and improve the power
supply capacity, some scholars have done much research.
Bertoluzzo et al. [10]-[13] proposed to optimize the design of
the magnetic coupling mechanism or to increase the
compensation circuit of the primary and secondary sides, and
the method of adding the compensation circuit is more
natural to implement. However, the traditional four
compensation structures are challenging to achieve the goal
of improving transmission efficiency, so many scholars have
focused on hybrid compensation topologies like TS-S,
LCC-S, LCC-P, D-LCC, and D-LCL. The TS-S circuit
topology has good robustness, which can achieve constant
output voltage and current without any control, increasing the
adaptation range of the primary side equivalent load [12]. In
addition to the characteristics of the constant voltage output,
the LCC-S typed compensation structure is less sensitive to
system frequency offset when the output resistance is
massive [13]. But, the output power and transmission
efficiency of the two compensation structures are low.
D-LCC and LCC-P circuits are more suitable for low power
applications with constant current output requirements [14].
Because the D-LCL compensation topology can achieve
constant output current and voltage, with higher output power
and transmission efficiency, it is more suitable for dual
pick-up ICPT system with rail transit as the application
background.

Because of the inaccuracy of the measurement devices and
manufacturing processes, there are some errors between the
actual and theoretical electrical parameters of the resonant
circuit components, which is known as the uncertainties of
the dual-pickup ICPT system. The dual-pickup ICPT system
has high-order resonance characteristics and is therefore very
sensitive to uncertainty. Although the D-LCL compensation
topology has excellent characteristics, it cannot solve the
problem of system uncertainty. For this reason, based on the
system parameter perturbation model using the generalized
state-space averaging method, some scholars have proposed
an Hoo robust controller that can suppress the mutual
inductance perturbation by changing the gain of the output
weighting function [15], [16]. Its control requirements for
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uncertainties are limited to robust stability, ignoring the
requirements of the system for related robust performance.
The guaranteed performance control can achieve the robust
stability of the system while ensuring its performance index
does not exceed an absolute upper bound [17]-[19].
Therefore, the output feedback guaranteed performance
control is adopted through this paper to the parameter
uncertainty problem of D-LCL compensated dual-pickup
ICPT system, which ensures the robust stability of the
uncertain system while getting its performance robustness.
Output feedback control can solve the problem that the
system state variable is unknown, and it is difficult to obtain
state estimation [20]. By using the LMI method to solve the
output feedback guaranteed performance controller, the
design problem of the controller can be easily transformed
into the problem of solving the feasible solution of LMI [21],
[22], thus ensuring the robust stability and performance
robustness of the system.

This paper is organized as follows. In Section II, the
transmission characteristics of D-LCL compensated ICPT
system are briefly analyzed, and describes the dual pick-up
ICPT system based on D-LCL compensation. The dynamic
model of the system is established by the state-space method,
and the parameter uncertainty is introduced to establish the
system uncertainty model. In Section III, design the output
feedback guaranteed performance controller by using Schur
complement lemma, variable substitution method and LMI.
And give the necessary and sufficient conditions for the
existence of quadratic cost matrix P and output feedback
guaranteed performance controller. Section IV uses the LMI
Control Toolbox in MATLAB to find the output feedback
guaranteed performance controller and the upper bound of
the quadratic performance index and makes the impulse
response curves of the closed-loop systems with the nominal
model and the uncertainty model respectively. The
simulation shows that the system has excellent robust
stability and performance robustness.

Il. DUAL-PICKUP ICPT SYSTEM BASED ON D-LCL
COMPENSATION

A. Analysis of Transmission Characteristics of ICPT
System Based on D-LCL Compensation

In the ICPT system, to improve the frequency robustness,
filter the harmonics generated by the inverter during the
working process, and adjust the transmission power and
efficiency of the system when the load is stationary, the
compensation of the primary and secondary sides usually
adopts a hybrid compensation topology. Common hybrid
compensation topologies include D-LCC, LCC-S, LCC-P,
TS-S, and D-LCL. The schematic diagrams of the above five
hybrid compensation topologies are shown in Figs.1 to 5. U
and |, are the input voltage and current of the compensation
circuits. Lg, Lp, Cr1 and C; are the filter inductances and
capacitors on the primary side, respectively, and L, Cr,and
C. differ from them in that they are on the secondary. The
transmitting coil L, and the receiving coil L, form a
transformer. I, 13 and 14 are the current values flowing
through the coils Li, L, and the load R, respectively. M
represents the mutual inductance between L; and L.
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Fig. 1. D-LCL typed compensation topology
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Fig. 2. TS-S typed compensation topology
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Fig. 3. D-LCC typed compensation topology
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Fig. 4. LCC-S typed compensation topology
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Fig. 5. LCC-P typed compensation topology

In Fig. 1, the voltage across the load is
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According to G. M. Xu et al. [20], the output power of the
system can be calculated by:

M3U?
L 1R
LLAR

The transmission efficiency of the system is given by:

B MzRe(Zy).
TR

In Figs. 2 to 5, Zs is the pick-up impedance. Zy is the total
input impedance. Obtaining from the impedance relationship
of the circuit, the total impedance Z; on the secondary side is

1 .
wL., +R
. 1 jWsz(J Lo +R)
Z, = jwlL, + - + 1
Jwe, - +jwlk, + R,
JwC;,

(2.1)

The impedance Z; reflected from the pickup side to the
primary side is

2
z - w'M
“ (2.2)
The total impedance Z, on the primary side is
1 . 1 .
- JwL, +— +jWL1+er
Z —iw JWCfl[ Lp JWC1
y .I Lfl +
jwC., + jwlL, + +jwlL +Z
J Tl J Lp JWCl J L:L r
(2.3)
Following Kirchhoff's law, we can get
U = jwl,l +L(I -1,)
11 jWCfl 1 2
O—i -l —+ L +jwh+jwl, {1, +jwMl
Cjwe, e, g o
. . 1 1 1
0=jwMIL, - (jwL, + + I, + |
oMl ~Qwt, jwG, J-chz)3 jwc,, | 0
L, R -
Wy, ey, e
O:jWMIZ—(jWL2+%+RL)I3,I4:O
W, (2.4)

If there is no C; or L in Fig. 1, the terms associated with C;
or Lj from the impedance expressions and the Kirchhoff
voltage equations equal 0 (i=1, 2, f2, j=p, f2). The necessary
and sufficient condition for the full resonance of the system
can be obtained from (2.5).

1
Lf _ 1 Lf1 - C“Wz
tocw

1
L=—— (LCC-S/LCC-P),
(Cfll +C )W

L=
(Cf11+ C1)W2 ,(D-LCC),

ok TC W
1
C,w L=

(CfZ +CZ)\N2

(2.5)

Substituting (2.5) into (2.1)-(2.4), the expressions of
primary current, secondary output voltage, output power and
efficiency under the condition of complete resonance are
given by:

U U
l, = I, =
Lw LW
U - MU _ MUR_
out out — -
L, L, Lw
) M2U? ,(LCC-S) ) MZUZRL ,(LCC-P)
TR G
3 M2 Re(Zy) 3 M? Re(Zy)
LR L, 5w’
U U
|2 = Iz =
Lw LW
U - MUR_ U - MU
out — - out —
JLLow L
M ZUZRL 7(D-LCC) M 2U2 ’(TS-S)
Pt = T Pu =75~
Lt L, LR
3 M 2RL Re(Zy) 3 M?2 Re(Zy)
Lf,LE W LtR
= U
©Lw
MU
out —
L, A
MZUZ (D-LCL)
Pt =72 525~
AR
- M?*Re(Z,)
L?llzRL (2.6)

It can be seen from (2.6) that the LCC-P and D-LCC typed
hybrid compensation topologies realized the constant output
current of the primary side. However, the output voltage of
the secondary side varies as the load changes. LCC-S, TS-S
and D-LCL typed compensation structures can realize the
secondary side constant voltage while realizing the primary
side constant current. The above analyses do not consider the
influence of the parasitic resistances of the inductors. In
practical applications, the parasitic resistances of the primary
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and secondary resonant inductors are inevitable, the circuit
parameters considering them are shown as follow:

TABLE I
THE CIRCUIT PARAMETERS

Parameter LCC-S LCC-P D-LCC TS-S D-LCL
\oltage, U/V 400

Resonant frequency, ffHZ 85300

Coupling coefficient, k 0~0.5

Primary coil, Ly/uH 120
Secondary coil, Lo/uH 120
Primary parasitic resistance, 05
Ry/Q '
Secondary parasitic
resistance, Ry/Q

Primary capacitor, C//nF 29 29

44.15

0.5
4415 29

Secondary capacitor, Co/nF 44.15 4415 29

Primary filter capacitor,
Cﬂ/nF

Secondary filter capacitor,
sz/nF

Primary filter inductor,
Lfl/uH

Secondary filter inductor,
sz/UH

Primary filter inductor, Le/

uH )
Load resistance, R /Q 10

846 846 846 29 29

846 - 29
4115 4115 4115 120 120
4115 120 120

120

The five hybrid compensation topologies adopt the
parameters shown in Table. I. As the coupling coefficient
continues to increase, the output power and efficiency are
shown in Figs. 6to 7.
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Fig. 6. Output power
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Fig. 7. Effectiveness

The simulation results show that the transmission
efficiency of LCC-S and LCC-P typed compensation
topologies is much lower than that of other compensation
topologies. When the coupling coefficient exceeds 0.08 or

0.11, the efficiency even drops. When the coupling
coefficient exceeds 0.17, the rising speed of the efficiency of
the other three compensation topologies decreases, at this
time, the efficiency has reached 80% or higher, and D-LCL
typed compensation topology has the highest transmission
efficiency. With the continuous increase of the coupling
coefficient, the output power of the five compensation
structures also rises. The output power of D-LCL and D-LCC
is even more than 4KW, and they are relatively reliable
compensation schemes. Considering that the stable output
voltage is helpful for that dual pick-up ICPT system can be
applied in the field of railway transportation, this paper uses
D-LCL compensation structure.

B. Description for Dual-pickup ICPT System Based on

D-LCL Compensation

The dual-pickup ICPT system based on D-LCL
compensation is composed of two parts: the primary side and
the secondary side, and the primary side includes high-
frequency inverter and LCL resonance compensation
network. Its basic structure is shown in Fig. 8. U and i, are the
high-frequency input voltage and current of the
compensation circuit, respectively. L and Cp are the filter
inductor and capacitor on the primary side, respectively. Lp.
Ls; and Ls; are the transmitting coil and the two receiving
coils, respectively. L1, L. Cs1 and Cs; are the filter
inductors and capacitors on the secondary side, respectively.
iL. dp. dusti. dui. is2 and i are current values flowing

through L, Lp Lsi. L1 Lsz and Ly, respectively. Ri. Rp.
Rsi. Ri. Rszand R are the equivalent internal resistances of
L. Lp. Lsi. L1 Ls2 and Ly, respectively. My and M, are the

mutual inductance between the transmitting coil and the two
pickup coils. C is the filter capacitor on the secondary side, R
is the load on the secondary side.

Ly R,

Rs»
‘T/If LSQ T Csz

Fig. 8 Dual-pickup ICPT system based on D-LCL compensation

The induced voltage on the secondary side can be
represented by the current on the primary side

di_, (t)
dt

Visi )= M, (2.7

The voltage reflected from the secondary side to the
primary side can be expressed as follow:

di_(t)
vy () = -M, (LZiSIt (2.8)
Where M; represents the mutual inductance between the
transmitting coil L, and the pick-up coils Ls (i=1, 2). The
mutual inductance between the two pick-up coils is not
considered.
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C. The Establishment of The System Dynamic Model

iisi iy i
\
i, irp LS] RSI =C. Ll Rl
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TbYs2

Fig. 9. Equivalent circuit of the ICPT system with D-LCL
compensation and double pick-ups

The schematic diagram of the ICPT system with D-LCL
compensation and double pick-ups is shown in Fig. 9, the
specific steps to establish its dynamic model are as follows:
(1) the selection of state variables: select the current/voltage
on the inductors/capacitors as the state variables. (2) The
equations based on Kirchhoff's law are further written in the
form of a matrix. (3) Select the high-frequency input voltage
U of the compensation circuit and the voltage uc across the
load R as the system input and output, respectively. The
state-space description of the system can be obtained.

T
XZ[X1 Xo X3 X X5 Xg X X3 X X10]

. . . . - T
_[IL uCP ILP ILSl uCSl ILl ILSZ UCSZ IL2 UC]

Where:
Ucp-Voltage across the primary side filter capacitor Cp
Ucs1- Voltage across the secondary side filter capacitor Cs;
Ucs2 - Voltage across the secondary side filter capacitor Cs;
U - voltage across the load R
Define the input vector of the system as follow:

U=[u]"

Following Kirchhoff's law, and we can get 10 differential
equations as follows:

X __R —lx +lu

' Lo L

w oty 1

2 CP Xl CP 3

. R

X3 = Ll X, — 7/L £ X3 = VB RaX, — ¥BiXs — ¥R % — ¥BoXg

P P

X, = 7P%, — BRe X — X, = Xs — 0, B R, % — 018, %

1 1

XS—C:—SIXA‘—C:—SIX6
. 1 R, 1
XGZEXS_EXG_EX:[O
X, = 1B X, — ¥BoRe Xy — 0, SR X, — 0, BiXs — 0ty X — 17, %
)'(Bzix _ix
c, ' C,°
X —ix _& _i
Xg—L2 8 L2X9 L X0
. 1 1 1
XlOZEXG_EXQ_C_RXlO

Where
M. 1 1+8M.
AL~ 2 K
P 1—ZMjﬂ,— !
j=1
A+ yB.M. M.
aJ:M,GJ:y J’j:l’z
L L

It can be expressed in the form of a state-space equation.
X = Ax+Bu (2.9)

The coefficient matrix A is given at the end of the paper.
The input matrix B is given by:

e[+
L

Select the voltage across the load uc = X1 as the output, and
the output equation can be written as:

T
000000000}

y =Cx (2.10)

The coefficient matrix C is given by:

cC=[0 0 00 00O O 0 1]

D. The Uncertainly System Model

There is an error between the dynamic model and the
actual system, which is referred to as system uncertainties.
The uncertainties can be divided into two categories:
parameter uncertainties and unstructured uncertainties. In the
ICPT system, the actual electrical parameters and theoretical
parameters are inconsistent due to inaccuracy in the
measuring device and manufacturing process. In order to
approach the actual ICPT system, it is necessary to establish
its uncertain mathematical model. Suppose the uncertainties
of the ICPI system are

Lp = LpO +ALy, Ly, = Ly + ALy, L, = L, + AL,

Where: Lyo. Lsio and Lsy are the nominal values of Lp, Ls:
and Lsp, respectively, A Lp. A Lss and A Ls, are the
uncertainties of Lp, Ls; and Lsp, respectively.

By substituting the uncertain factors into (2.9) and (2.10),
the mathematical model of the parameter uncertainties of the
ICPT system can be expressed as follow:

{)‘( =AXx+Bu
y=Cx 2.11)
Where: A’ is given at the end of the paper, B'=B, C'=C, &,
& &Gy &y & Se. &rare uncertainty parameters caused by
uncertainty factors A Lp. A Ls; and A Lso.

Let the uncertainty parameters satisfy the following
conditions.
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|&|<0.01,

&l<01,

&|<0.1,

£,<0.00015,

&| <05,

&| <05,

£|<0.00015

According to the uncertain mathematical model of the
ICPT system, when the uncertainty factors change, the same
type of uncertainty mathematical model of ICPT system can
be obtained by changing the parameters representing the
uncertainty factors.

I1l. THE DESIGN OF GUARANTEED PERFORMANCE
CONTROLLER

The dual-pickup ICPT system with D-LCL compensation
has high-order resonance characteristics and is highly
sensitive to parameter changes. To overcome the influence of
parameter uncertainty factors on the system, some scholars
have proposed robust H. control, but its control requirements
for uncertainties are limited to robust stability. The
guaranteed performance controller based on linear matrix
inequality (LMI) method can obtain robust performance
while achieving robust stability.

A. Guaranteed Performance Control of Uncertainty

System

Consider a class of linear uncertainty system described by
the following state equation.

X(t) = (A+ AA)X(®) + (B+AB), x(0) =%, (31

Where x(t) € R" represents the state vector of the system. u(t)
€ R™is the control input. A and B are foregone and constant
matrices with appropriate dimensions. AA and AB are
uncertainty matrix functions with appropriate dimensions,
and they represent the parameter uncertainties of the system.
Assume that the parameter uncertainties considered are norm
bounded and have the following form:

[AA AB]=DF()[E, E,]

(3.2)
Where D, E; and E; are known constant matrices with
appropriate  dimensions, which reflect the structural
information of the uncertainties, F € R™ is an unknown
matrix, which can be time-varying and satisfies (3.3).

FTOF®)<I (3.3)

Define quadratic performance index as

J= T[XT (HQX(t) +uT ()Ru(t) |dt
0 (3.4)

Where: Q and R are the given symmetric positive definite
weighting matrices.

Theorem 3.1.(see[24]) For the system (3.1) and the
performance index (3.4), if the control law u*(t) and a
positive number J* exist, the closed-loop system is
asymptotically stable for the allowed uncertainty, and the
performance index satisfies J<J*. J* is called performance

upper bound of the uncertain system (3.1), and u*(t) is called
its guaranteed performance control law.

Choose an appropriate guaranteed performance control
law to minimize the system performance upper bound. The
guaranteed performance control law with the minimum
performance upper bound is called the optimal guaranteed
performance control law.

B. The Design of Output Feedback Guaranteed
Performance Controller of The Dual-pickup ICPT System
with D-LCL Compensation

The equation for the uncertain system (2.11) can be
transformed into

X(t) = (A+ AA)X(t) + (B + AB)u(t), X(0) = X,
y(t) = Cx(t)

(3.5)

Where: AA is given at the end of the paper, AB=0.
Describe AA and AB, according to (3.2).
D=AAF({t)=1,.E =1,E, =0
Design a dynamic output feedback controller with the
following state-space implementation for the system (3.5),
and it is shown as u=Ky.

X (8) = Ax (1) +By()
u(t) =Cyx (t)

(3.6)

Where: x« (t) € R is the state of the controller to be designed,
Ay, Brand Cy are the controller parameter matrices to be
determined.

The closed-loop system obtained by combining the
controller (3.6) with the system (3.5) is as follow:

X(t) = (A+ DF (1) E)X(t), X(0) = X,

Where:
o I XO |+ A BG | < |D| -
o Blafse Xo-LJecs aee n

The performance function of the closed-loop system (3.7)
is

J = [XT(®)Qx(t)dt
° (3.8)
Where: the performance weighting matrix is given by:
Q =diag{Q,C,"RC,}
Theorem 3.2.(see [25]) For the system (3.7) and the
performance indicator (3.8), if there is a positive definite

matrix P>0, then

(A+DFE)"'P+P(A+DFE)+Q<0 (3.9)
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applies to all allowed uncertainties F(t), the positive definite
matrix P is called the quadratic cost matrix.

Lemma 3.1.(see [25]) Given system (3.7) and performance
indicator (3.8), if there is a quadratic cost matrix P>0, then

the uncertain system is quadratic stable, and the cost function
is bounded and satisfies

J < X; PX,
Lemma 3.2.(see [25]) The symmetric matrixes
G,D,F,E

of the given appropriate dimensions are defined by (3.7). The
necessary and sufficient condition for

G+DFE+E'F'D' <0

to be established is that there is a scalar ¢>0 so that

_ _[1 o' ¢E
G+|eE" &'D __|<0
[sE" & ]{o J LlDT}

Theorem 3.3. For the system (3.7) and performance index
(3.8), the necessary and sufficient condition for the existence
of the quadratic cost matrix is that there is a scalar >0 and a
positive definite matrix V>0 so that

VA"T+AV VE' D VQY

EV -1 0 O -0
D' 0 -1 0

QY 0 0 —«l

(3.10)

Proof. According to Theorem 3.2, for all allowed
uncertainties F(t), the quadratic cost matrix P satisfies (3.9).
It can be seen from Lemma 3.2 that the necessary and
sufficient condition for (3.9) to be established is that there is a
scalar >0 so that

_ _ _ _[1 o' &E
A'P+PA+Q+|gE" &7'D 1Z_1<0
Q [‘91 & ]{0 J |:811DT:|

Use Schur complement lemma to get

A'P+PA+Q gE'T &7'PD

gE -1 0 <0-
g 'D'P 0 -1

Multiply diag{e:P2,1,1} to the left and right sides of the
above formula, and let e=g:?, V=e¢P?, the following

expression can be obtained:

VA" +AV+¢VQV VE' D
EV -1 0 |<0
D 0 -l

Use Schur supplement lemma again to get

VAT+AV VE' D VQY
EV -1 0 O -0
D' 0 -1 0

QY 0 0 ¢l
Where:
61/2 — diag{Ql/Z , CkT Rl/Z} )

If V and ¢ exist, the upper bound of the corresponding
performance indicator is

J <eXV X,

Theorem 3.4. For the given system (3.5) and performance
function (3.8), the necessary and sufficient condition for the
existence of output feedback guaranteed performance
controller (3.6) is that the following (3.11) and (3.12) are
achievable.

@, A+A" ET XD Q¥ 0
A+AT @, YE, D YQY* C'R"
E, E'Y -1 0 0 0 -0
D'X D' 0 -1 0 0
Q1/2 Q1/2Y 0 0 —¢l 0
K R”C 0 0 0 -l ] a1
X 1
>0
[' Y} (3.12)
Where

®,=A'X +XA+BC+C'B",®, =AY +YA"+BC +CB'.

Proof. The variable substitution method proposed in [20]
is used for (3.10) to block the matrices V and V-1, we get

vo|Y Nl e [x M
NT v, MT X,

Where: X and Y are both nxn dimensional real symmetric
matrices, MN"=I-XY can be obtained from the equation V
vi=l.

Define

then
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T T x I
VR=RVTRV=FF=| = |

Define the following new variables.
A = XAY +BCY + XBC + MANT

B = MB,

o T
C=CN (3.13)

From the definition of V, F;and F,and (3.13), we can get

— [AX+CTBT AT
FVATR=| " o
A YA"+CB
. XA+BC A
FTAVE —| “ATBC |
A AY +BC
EVF,=[E, EY],.D'F=[D'X D'],
_ 1/2 1/2Y
Ql/ZVF1= Q (gll2 '
0 RYC

(3.14)

Multiply the left and right sides of (3.10) by diag{F1",1,I,1}
and diag{F1,1,1,1}, respectively.

F'VA'E+F'AVF, E'VE' FE'D F'VQ"

EVF -1 0 0

—: <0

D'F, 0 -1 0

AL/2

Q"VF, 0 0 -l (3.15)

Based on (3.14), the formula (3.15) can be transformed
into (3.11). The implementation of

)
>0

1Y

is to ensure that V>0.

After using the LMI Control Toolbox in the MATLAB to
find the feasible solutions of the linear matrix inequalities
(3.11) and (3.12), we need to design the controller
parameters.

(1) MNT=I-XY is known, singular value decomposition is
performed on I-XY, and the matrices M and N are
calculated.

(2) The coefficient matrices of the controller can be
obtained by (3.13).

A =M7(A-XAY-BCY-XBC)(N™)™
B.=M"'B
C,=C(NH™*

IV. SIMULINK

When setting parameters for the dual-pickup ICPT system
based on D-LCL compensation, it is ensured that the entire
resonant network is fully operated at the natural resonant
frequency. Based on this principle, the system parameters are

set, as shown in Table II.

TABLEII
PARAMETER SETTING OF DUAL-PICKUP ICPT SYSTEM BASED ON
D-LCL COMPENSATION

Parameter Value Parameter Value
flkHz 20 Cs1/uF 0.916
L/uH 0. 56 Ly/uH 0. 968
RL/Q 0. 55 R/Q 0.18
CpluF 1.23 Lso/ uH 0.128
Le/ uH 0. 56 Rs2/Q 0.18
Rp/Q 0.55 CsoluF 0.916
My/uH 0. 037 Lo/ uH 0. 968
M,/uH 0. 037 Ro/Q 0. 18

L51/ uH 0.128 CIuF 1.017
Rs1/Q 0.15 R/Q 60

When the parameters shown in the above table are selected,
the coefficient matrices of the system (3.5) are as follows:
A, Band AA are given at the end of the paper.

Weighting matrices in performance index (3.5) are
Q=0.0113p and R=0.01.

The linear matrix inequalities (3.11) and (3.12) are solved
using the commands in the MATLAB LMI Control Toolbox
to obtain the gain matrices of the output feedback controller.
Ay, Bk and Cy are given at the end of the paper.

At this time, the upper limit of the system performance
index: J<0.503.

The same pulse input signal is provided to the closed-loop
system with the nominal model which is composed of A and
B and the uncertain model which is composed of A, AA, and B,
we can get the impulse response curves of the system.

1500

A+AAB AB AB
1000 0 N AHAAB |
\fb

500

~ Output voltage(mV)

3 4
1(ms)

Fig. 10. Impulse response curve

Fig. 10 shows that the designed robust guaranteed
performance controller ensures an excellent dynamic
response of the output voltage across the load. The amplitude
of the oscillation is large within 0.001s. There is about 0.004s
to be spent for the load voltage to stabilize at 0V. Also, the
parameter perturbations of the system model have little effect
on the output response, and the control system has excellent
robust stability.

V. CONCLUSION

In order to overcome the influence of parameters
uncertainty on the dual-pickup ICPT system, this paper
proposes an output feedback robust guaranteed performance
controller. Firstly, for the dual-pickup ICPT system, the
appropriate compensation topology: D-LCL is selected, and
establishes the parameter uncertainty model. Then, the
optimal output feedback guaranteed performance controller
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for uncertainty system is designed by using the guaranteed
performance control method, and the necessary and sufficient
condition for the existence of the output feedback guaranteed
performance controller is obtained. Finally, the LMI Toolbox
in MATLAB is used to solve the gain matrices of the
guaranteed performance controller and the upper bound of
the system quadratic performance index, and the impulse
response curves of the closed-loop system with the nominal
and uncertain models are obtained. The simulation results
show that the ICPT system controlled by this method has
excellent robust stability and performance robustness, but it
needs to be further studied in practical applications.
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