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0 6 −vDR1 ⊥ iDR1 > 0
0 6 −vDF2 ⊥ iDF2 > 0
0 6 iDF1 ⊥ −vDF1 > 0
0 6 iDR2 ⊥ −vDR2 > 0

⇔ 0 6 y ⊥ λ > 0
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ẋ = f(x, t), x ∈ IRn, t ∈ [0, T ],
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g : λ ∈ IRm 7→ g(λ) ∈ IRn,

ẋ = f(x, t) + g(λ).
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x(t+) = F(x(t−), t)
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M(q)v̇ = F (t, q, v) +G(q)λ
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q̇ = v
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y = g(t, q, v)
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0 ∈ S(y, λ) + T (y, λ)
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v+ = F(v−, q, t)
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M(q)v̇ = F (t, q, v) +G(q)λ
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y = g(t, q)
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ẋ(t) = f(x(t), t, λ(t))

y(t) = h(x(t), λ(t))

C∗ 3 y(t) ⊥ λ(t) ∈ C
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C∗ = {x ∈ IRn | xT y > 0
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y ∈ C}
YlMcY�OZMc�NTigqu	MQA�O*�-;=<iA5OZAXWZ@ z"AXS?A*WZgqu�Y��XAR�

YlM TeMPAR�¡�c<?A*S¡OZ<?AmMPAXO
C
Y\M=g�zqA*S?AXWkg`u8j�^"S?A5^q�

IRn � � �	OZ<?YlM�jX^qS?A�YlMcg�S?^"S?S?A*z"g1OZY��"AF^"WPOZ<ig`S!O=u�Y �qA IRN
+

�L��A
MQdeARg���^`� ��®=I¨^"W�MQ<?^"WPOZu�Ks®=I8� � �NKLSig`@VYljXg`u�j�^"@Vd?u�A*@VAXS!OZgqWQY�OaK�MQKNMaOZAX@ ���m®=I?�FY\S�g`S�A��Nd?u\Y\jXY�O���^qWZ@�Y\M
�NAY5iS?A*���LK































ẋ(t) = f(x(t), t, λ(t))

y(t) = h(x(t), λ(t))

0 6 y(t) ⊥ λ(t) > 0
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





























ẋ(t) = Ax(t) + Bλ(t)

y(t) = Cx(t) +Dλ(t)

0 6 y(t) ⊥ λ(t) > 0
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λ
YlMhOZ<?AXSsOQ<?AB^qd?d(^"MQY�OQA�^q�-OQ<iA
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yXr � ��������� ���������n�	���

λ

y0

£:Y�z"T?WQAmr �-® ^"@Vd?u�A*@VAXS!OZgqWQY�OaK}j�^"Si�NY�OQY\^qS��
0 6 y ⊥ λ > 0
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y = if off then 0 else s
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g(ẋ, x, t, z) = 0
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Mẋ(t) = f(t, x(t), z) + r
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x(t0) = x0
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ẋ(t) = A(t, z)x(t) + b(t, z) + r
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x(t0) = x0.
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M(q, z)q̈ +
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(q̇, q, z) + Fint(t, q̇, q, z) = Fext(t, z) + p
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q(t0) = q0, q̇(t0) = v0
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M(q, z)q̈ = fL(t, q̇, q, z) + p
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q(t0) = q0 , q̇(t0) = v0
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Mq̈ + Cq̇ +Kq = Fext(t, z) + p
�¢p"o"�

q(t0) = q0, q̇(t0) = v0
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y, λ
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x, r
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y = output(x, t, z, . . .)
r = input(λ, t, z, . . .)
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y = h(X, t, Z)
R = g(λ, t, Z)
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y = CX + FZ +Dλ+ e
�¢p`rL�

R = Bλ
��p"yq�
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y = h(Q,Z)
�¢p � �

ẏ = G0(Q,Z)Q̇
��p!wq�

P = ∇th(Q,Z)λ = Gt
0(Q,Z)λ

��p � �
�cY�OZ<

G0(Q,Z) = ∇Qh(Q,Z)
��pn�"�
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y = h(Q, t, Z)
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ẏ = G0(Q, t, Z)Q̇+
∂h

∂t
(Q, t, Z)

�¢r�yR�

P = Gt
0(Q, t, Z)λ

��rLvq�
�cY�OZ<

G0(Q, t, Z) = ∇Qh(Q, t, Z)
��r!p"�
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y = h(Q, λ0, Z)
�¢rqr!�

ẏ = G0(Q, λ0, Z)Q̇+G1((Q, λ0, Z)λ1
�¢r!y"�

P = Gt
0(Q, λ0, Z)λ0

�¢r � �
�cY�OZ<

G0(Q, λ0, Z) = ∇Qh(Q, λ0, Z)
�¢rLw`�

G1(Q, λ0, Z) = ∇λ0
h(Q, λ0, Z)
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g`Si�

λ0
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y
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λ1
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ẏ
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y = HQ+Dλ+ FZ + b
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P = Htλ
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0 6 y ⊥ λ > 0
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Y��
y(t) = 0, 0 6 ẏ(t+) + eẏ(t−) ⊥ λ > 0

��y"vq�

� D�1�/"-���E����Bj�ulgqMZM��c<?Y\jk<�@V^N�NAXulM�OQ<iA�MPY\@Vd?u�A�WZAXulg/K
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g`d?diY�S?z
g"M
{

ẏ = 0, |λ| 6 1

ẏ 6= 0, λ =
MQY�z"S

(y)
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OQY\^qS�Y�S�v`��g`Si��pq� g"M

y = [yn, yt]
T , λ = [λn, λt]

T �7y1rL�

Y��
yn = 0,











0 6 ẏn ⊥ λn > 0

ẏt = 0, ‖λt‖ 6 µλn

ẏt 6= 0, λt = −µλn

MPY\zqS
(ẏt)
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w = Mz + q

0 6 w ⊥ z > 0
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
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UnitaryRelation

DynamicalSystem

NonSmoothLaw
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Interaction

1
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Mq̈ = Fext(t) + p
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M
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M =





m 0 0
0 m 0
0 0 I



 , I = 3
5mR

2, Fext =





−mg
0
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


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z −R− h > 0
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;=<?ABjXg`@B�7��^qu\u�^1��AXW5MPKNMPOQAX@�YlMFWZAXdiWQARMPA*S"OZA*��^qS�£�Y\zqTiWQAVv`pN��;=<?A���WZAXA��e^N�NK��NKLSigq@VY\j*MFjXgqS��(A��NARMQjXWQY\�eAR�
�LK�g¡u�Y\S?ARg`W5MQA*jX^qSi��^"WZ�?AXWFMQKNMaOZAX@�� �hS�A��LOQA*WQSeg`u	Y\S?d?T?O5YlM5jX^qSiMQY\�?AXWZA*��gqj�OQY\S?z��NY\WZA*j�OZu�K�^qS�OQ<?A���^qu\u�^1��AXWR�
;=<?YlM�Y�S?diTNO¨Y\M�g S?^qS?u\Y\S?A*gqW¡��^"WZjXY�S?z j�^"@Bd(^qSiAXS!O�jX^q@VY\S?z ��WZ^q@ OZ<?A��1gqu��"Aq�¥;=<?A���^qu\u�^1��AXW�@V^`OQY\^qS�Y\M
j�^"SiMPOQWkg`Y\S?A*�¡OQ^}gVd?<egqMQAmMQdig"j�AmWQA*zqY\^qS��e^"T?Si�NAR���LK
OQ<?A�jXg`@ de^!MPY�OQY\^qS	��;=<?A�S?^"S�jX^qSiMQAXWZ�1g1OZY��"A�CFAX�=OQ^"S
WZA*MPOQY�OQTNOZY�^"S�ulg/� YlMmTiMPAR�¨��^"WmOQ<?A
j�^"@Vd?TNOZg`OQY\^qS�^`��OZ<?AVde^!MaO�Y\@Vdigqj�Om�"AXu\^Nj�Y�OaKq��;=<iAVj*g`@xYlM�gqMZMPTi@BAR�¨OZ^
�(A�@
gqMZMPY\�qA"�?OZ<?AXWZA���^"WQA�^"S?u\K�WZ^`Okg1OQY\^qSeg`u	�NYlMQd?u\g"j�A*@BA*S!OFY\M5g`u\u�^1��A*���hDhSi�NA*WhOZ<?A*MQA�g"MQMQT?@VdNOQY\^qSeMX�iOQ<?A���WQA*A
�(^L�?K��NKLSigq@BYljXM=^q�	OZ<?Am��^qu\u�^1��AXWcj*g`S��eA��NARMQjXWQY\�(A*���LK �

µ
d2u(t)

dt2
+ ζ

du(t)

dt
+ κu(t) = fv(t), if u(t) > c(t).

� � yq�
�c<?A*WQA

µ
�
ζ
gqSi�

κ
g`WZA�j�^"SiMPOZg`S!O�deg`Wkg`@VA�OZAXWkM���^qW�OQ<iA¡��^"u�u\^1� A*W�@
gqMZM*����WZYlj�OQY\^qS �LY\MZj�^"TiM��?gq@Vd?Y�Siz�g`Se�

MQd?WQY\S?z�MaOZY *8S?ARMQM�WZA*MQd(A*j�OZY��"AXu\Kq�V;=<?A}MPOZg1OZAV^`��OZ<?AV��^qu\u\^1� A*W�YlMmzqY\�qA*Ss�LK¨OZ<?A
de^!MPY�OQY\^qS
u(t)

g`Si���qA*u�^NjXY�OaK
v(t) = du

dt

��;=<?A}AX�LOQAXWZSigqu.��^qWkj�Y\S?z¨YlM�zqY\�qA*S��LK
fv(t)

�¨;=<?A¡j*g`@ g`S?z"T?u\gqW�de^!MPY�OQY\^qS �?A�OQA*WQ@VY\S?A*M
c(t)OQ<eg1O��NAY5iS?ARM�OZ<?A}<?^"u�^"S?^q@VYlj¨��Y7� A"�sj�^"SiMaOZWZgqY�S!O�^"S?u�K�^qS OZ<?A¡d(^"MQY�OZY�^"Se�mWZ<?AX^"S?^q@VYlj¨��Y7� A"��OQY\@VA¡�1g`WZKLY�S?zL�

j�^"SiMPOQWkg`Y\S"OR�	;=<?A=�NKLSig`@VYlj��(AX<eg/�!Y\^qW:�c<?A*S�Y\@Bdegqj�OkM	^Nj*j�T?WkM �¢Y�� Aq�
u(t) = c(t)

��YlM:@B^N�NA*u�u\A*���LY\g5ChAX�=OZ^qS�� M
Y\@Bdegqj�Ohulg/� OZ<ig1OcY\S�OQ<?YlMhjXg"MPAmYlM=zqY\�qA*S��LK
OZ<?Y\MFjXgqMQAmY\M=z"Y��"AXS��LK �

v(t+) =
dc

dt
− r

(

v(t−) −
dc

dt

)

= (1 + r)
dc

dt
− rv(t−), if u(t) = c(t).

� �S� �

�c<?A*WQA
v(t+)

g`Si�
v(t−)

g`WZA=OQ<?AFde^!MaO gqSi�Vd?WZAhY\@Bdegqj�O �qAXu\^Nj�Y�OQY\A*M.WZA*MQd(A*j�OZY��"AXu\Kq� dc
dt

YlM.OZ<?Ah�qA*u�^NjXY�OaK��qA*j�OQ^"W
^`��OQ<iA}jXg`@ g1O�OZ<?A}j�^"S"Okgqj�Omd(^qY\S!O��cY�OQ< OQ<?AV��^"u�u\^1��AXWR�	g`Si�

r ∈ [0, 1]
YlMmOZ<?A}WZA*MPOQY�OQTNOZY�^"S jX^!A,B}j�Y\AXS!O�OQ^

@V^N�NAXu���WZ^q@ d?ulgqMPOQYlj
OQ^�AXulgqMPOQYlj}Y\@Vdigqj�OZM*� � S £�Y\zqTiWQA�vqp�YlM�diWQARMPA*S"OZA*� OZ<?A�MQjk<?A*@
g1OQYlj¡�?Y\gqzqWkg`@H^q�hOQ<iA
d?<LKNMPYljXgqu�jXgq@B����^"u�u\^1� A*W�MPKNMPOQAX@�� � S £�Y\zqTiWQA¡vqpN� g���^"W

t = 0
��yq� ����^"W

t = β
��g`Si�¯v`pN� jBOQ<?A¡d?WQ^$5iu\A
^`�

OQ<iA¡j�^"SiMaOZWZgqY�S!O�d(^"MQY�OZY�^"S
δc(t)

�:�qA*u�^Nj�Y�OaK dc
dt

(t)
g`Si� g"jXj�A*u�A*WZg`OQY\^qS d2c

dt2
(t)

� � O�YlM�d(^"MZMPY\�?u\A
OQ^¨�LYlMPTeg`u\Y �*A
OQ<iAV��^qu\u�^1��AXW��NYlMPdiu\g"j�AX@VA*S"O�g"M�g¡��TiSij�OZY�^"S ^`��OZ<?A}jXgq@Hd(^"MQY�OZY�^"S�� � O�Y\M�g`ulMP^�Y\@Bd(^qWQOZgqS!O�OZ^�S?^`OZY\jXAVOQ<ig`O
�NY *(A*WQA*S!OcOaK!d(A*M=^q��j*g`@
Mcg`Se�}��^"u�u\^1� A*WZM�d?WZ^:5eu�ARM�gqWQAmTiMQA*��Y\S�diWZg"j�OQYljXgqu�g`d?diu�YljXg`OQY\^qSiM*�

���
	 ��� 	

£:Y�z"T?WZA v`p � �¢g!�¡INjk<?A*@
g1OQYljs�?Y\gqzqWkg`@ ^`��OZ<?A j*g`@B�7��^qu\u�^1��AXW¡MQKNMaOZAX@ �¨���e�¡d?WZ^:5iu\A*M�^`��OZ<?A jX^qSiMPOQWkg`Y\S!O
d(^"MQY�OZY�^"S��

� O�YlM�de^!MQMQY��iu�A
OZ^�jX^q@Vd?u\A�OQA*u�K �NARMQjXWQY\�eA¡OQ<?A�jXgq@��7��^qu\u\^1� A*W�MPKNMPOQAX@ g"M�g��NWZY\�qAXS Y\@Vdigqj�O�^!MQjXY�u\u\g`OQ^"W�Y�S!OZ^
OQ<iA���Wkg`@VA*� ^"W ��^`� ��g`z"WZgqS?zqYlg`S¨C5I?��IsTiMQY�S?z�g¡OQWkg`SiMQu\g`OQY\^qS�Y\S�MQdig"j�Aq��INA�OPOZY�Siz

û(t) = u(t) − c(t)
gqSi�

�3�������������
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v̂(t) = v(t)− dc/dt
�!OQ<?A*S¡A*[!Tig`OQY\^qSiM�� � y`� g`Si��� �n� � jXgqS}�(A5AX�LdiWQARMQMQA*�}g"MF��OQ<?A�g`WZzqTi@BA*S!O

t
�cY�u\u8S?^`O=�(A

A��Nd?u\Ylj�Y�OQu\K¡�cWZY�OQOQAXS(�

µ
d2û

dt2
+ ζ

dû

dt
+ κû = fv −

(

µ
d2c

dt2
+ ζ

dc

dt
+ κc

)

≡ f̂ , if û > 0
� � w`�

v̂+ = −rv̂−, if û = 0.
� �S� �

DFMQY\S?z}OZ<?A���Wkg`@VAX��^qW �¡diWQARMPA*S"OZA*�¨Y\S¯�7v � �F� A�jXg`S��NAXWZY��"A�g`u\u:^`�.OQ<iA�OQA*WQ@
M5�c<?Yljk<s�NA]5eS?A�g��	g`z"WZgqS?zqYlg`S
C5I?��I8� � S�^"T?WhjXg"MPA�OZ<?A�@V^L�?AXu$YlMhj�^"@Bdiu�AXOQAXu\K}u\Y�SiA*g`W �

q =
[

û
]

, M(q) =
[

µ
]

, NNL(q, q̇) =
[

0
] � � �!�

Fint(t, q, q̇) =
[

ζ
]

q̇ +
[

κ
]

q, Fext =
[

f̂
] � w1o!�

;=<?A�T?SiY�ulg1OZAXWkg`u$j�^"SiMaOZWZgqY�S!OcWZA*[!T?Y\WQARM�OZ<ig1O
û > 0

MP^V��Amj*g`S�^q�NOkg`Y\S

y = HT q + b, HT =
[

1
]

, b = 0
� w+yR�

� S�OQ<?A�MZg`@VAm�=g/Kq�!OQ<?A�WZA*g"j�OZY�^"S}��^qWkj�A��NTiAmOQ^VOQ<iAmjX^qSiMPOQWkg`Y\S!OcY\M=�cWZY�OQOQA*S�g"M���^qu\u�^1�hM �

R = Hλ

;=<?AmT?S?Y\ulg1OQA*WZgqu$j�^qS!Okgqj�O=ulg/� @
g/K
�eAm��^"WQ@�T?ulg1OQAR�¡g"M Y\S ��yqv"� �cY�OZ<�gBj�^"@Vd?u�A*@VAXS!OZgqWQY�OaK}j�^"Si�NY�OQY\^qS�g`Si��g
ChA*�=OQ^"S�� M=Y\@Vdigqj�Ohu\g/���

< C 
 �����N��C ¬ F ;=<?A�MQY�@�T?ulg1OQY\^qS�^q�:OZ<?A�jXgq@¥��^"u�u\^1� A*WhMPKNMPOQA*@ <ig"Mc�eA*AXS¨d(AXWQ��^qWZ@VA*����^qWF�?Y *8AXWZAXS!OF�1g`u\T?ARM
^`�$OZ<?AmjXg`@ WZ^`Okg1OQY\^qSeg`ueMQd(AXA*�¡�cY�OZ<
OQ<iAmI � ®c��Cm�mI
MQ^`�¤Oa�=g`WZAhdigqj��1gqzqAhTiMQY\S?z�g�OQY\@BAX� MPOQA*d?d?Y\S?z�SLT?@VA*WQYljXgqu
MZjk<?AX@VA��cY�OZ<�MPOQAXd�MQY �*AB�

h = 1.10−4 � g`Si��g`S¡A*�qA*S"OQ� �?WQY\�qA*S¡MQjk<iAX@VA5�cY�OQ<�@VY�S?Y\@�Ti@ MaOZAXd�MPY��XAV�
hmin =

1.10−12 ���m£:Y�z"T?WZABv1r�g`Si�sv"y
MQ<?^1� OQ<?A�OQY\@VA�MQY�@�T?u\g`OQY\^qSiMF��^qW��NY *(A*WQA*S"Om�1g`u\T?A*MF^`�.OZ<?ABj*g`@�WZ^`OZg`OQY\^qSigqu
MQdeA*A*��g`Se��£:Y\zqT?WZA�v � MQ<?^1�hM8OZ<?A�jk<igq^`OZY\j.g`OPOQWkgqj�OQ^"W�g1O

rpm = 660
��^"W�Y�@Vdig"j�O�gqSi�mMaOZWQ^"�e^!MQjX^qd?Ylj:]�^qY\SijXgqWQU

MQA*j�OZY�^"SiM*�

��� � � �c���	�:�X� � � � � �  � � �c�

u�� # u � Ui4 % Yfje$*)+&7)n/32_Y�)Wje$ ('"S$0V.XoY3/3XZY�)

E¨^!MaOc^`�:OQ<iY\Mc��^qW �
<ig"M=�eA*AXS¨�N^qSiA��LK}]��(�FA*S?^1KqA*u�u\Aq�.E¨^"WQAm�NA�Okg`Y\u\MFjXg`S��(Am��^qT?Si��Y\S � y �
;3�Z@�;�@�; �BC § � §!« C¢~ § �.C�F § �N� � ¬ ­ § � ¬�x � ��� <�� �1�fF:~�C�~X� ¬ �

]�AX^"d?u�A
jX^qT?ul���(AXS?AY5?O���WZ^q@ g�MPY\@Vd?u\YF5ej*g1OZY�^"Ss^`�=�NAX�LYlj�ARM5@V^N�NA*u\M
�¢Aq� z�E��mIs@V^N�NAXulMZ�5Y\SsOZ<?AB��^qWZ@ ^`��g
d?Y\A*jXAX�cYlMPA5u�Y\S?A*gqW WZAXdiWQARMPA*S"Okg1OZY�^"SBY\SiMPOQARgq�
^q��OQ<?Amj�^"@Vd?u�YljXg`OQAR�B��^qWZ@�T?ulg�Y\@Vd?u�A*@VAXS!OQAR�}Y\S�IL] � ® °3MPY\@�Tiu\g`�
OQ^"WZM*��£?^qW�Y�SiMPOZgqSij�A"�qY\S � � �7�"OQ<iAFg`TNOZ<?^qWkM-jX^qSiMQY\�?AXWZA*��OQ<?A�INg`<V@V^N�NAXue^`�8OQ<?A5CFE��mIVMPOZg`OQYljhjk<ig`Wkgqj�OQA*WQYlMaOZY\j �

IDS =
K

2
· (f(VG − VS − VT ) − f(VG − VD − VT ))
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£:Y�z"T?WZA�v`r ��;=<?As®�g`@ £i^qu\u�^1��AXW
ILKNMaOZAX@��3;=Y�@VA�MQAXWZY�ARM�TeMPY\S?z I � ®c��C��mI¯d?ulg1OP��^"WQ@�� ;=Y�@VA���MPOQAXdid?Y�Siz
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WZd?@���p"y � ��°-�"AXS!O5�5WQY\�qA*S ���e�hWQd?@���p!y � ��;=Y�@VA�ILOQAXdid?Y�Sizs��< � y*A�� r!�m��j*�=WZd?@���w1o"o?��°��qAXS!O5�5WZY��"AXS �¢�i�
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WZd?@�� �n� oi� ��g"� � @Vdigqj�O�@
g`d	�=�¢°-�qA*S!O=�5WQY\�qA*Se�5���e� � @Vdigqj�O=Esg`d��.;=Y\@BA�I!OZAXd?diY�S?z���< � yXA�� r!�X�¢g!��I!OZWQ^"�e^q�
MZj�^qdiY\j�@
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�cY�OQ< �

K =
µCOXW

L
µ
@B^"�?Y\u�Y�OaK}^`��@
g1_a^"WQY�OaK}jXgqWQWZY�A*WZM

�¢MZg`@Vd?u\Am�1g`u\T?A*Mc^q�
750 cm2.V −1.s−1 ��^"WhgVCFE��mI8� 250 cm2.V −1.s−1 ��^qWhgV]�E �mI?�

COX =
εSiO2

tOX

εSiO2
= εr SiO2

· ε0 (εr SiO2
≈ 3.9)

tOX

^/�LYl�NA�OQ<iY\j��LS?ARMQM
≈ 4nm

Y�S¨gBWZA*j�A*S!O
180nm

OQARjk<?S?^"u�^"zqK
W

jk<ig`S?SiAXu$�cYl�LOQ<

L
jk<ig`SiS?AXu$u\AXS?zqOQ<

≈ 130nm
Y\S�gBWZA*jXAXS!O

180nm
OZA*jk<?S?^"u�^"zqK

VT

OQ<?WZA*MQ<?^qul���q^qu�OZgqzqAm�NAXd(AXSe�NY�Siz
^qS�OQA*jk<iS?^qu\^qz"Kq�
VBS

�LOZAX@Vd(AXWkg1OQTiWQA
≈ 0.25

OZ^
1
T

;=<?Am��T?Sej�OQY\^qS
f : R −→ R

YlMc�NA]5iSiA*��gqM �

f(x) =

{

0
Y��
x < 0

x2 Y��
x > 0

;=<?A=d?Y\A*jXAX�cYlMPAcg`Se�B[!Tig"�NWkg1OQYlj Sig1OZT?WQA=^q�iOQ<iY\M���TiSij�OZY�^"SB�=gqM�gqd?d?WZ^/�LY\@
g1OZA*���LK�OZ<?A=��^qu\u\^1�cY�S?z � MPA*zq@VAXS!OkM
d?Y\A*jXAX�cYlMPAmu\Y�S?ARg`W=��T?Sej�OQY\^qS��LK
OZ<?A�g`TNOZ<?^qWkM=^`��� � ���¢MQAXA�£:Y\zqT?WZA�v"w1� �

fPWL(x) =































0
Y��
x < 0

0.09 · x
Y��

0 6 x < 0.1
0.314055 · x− 0.0224055

Y��
0.1 6 x < 0.2487

0.780422 · x− 0.138391
Y��

0.2487 6 x < 0.6185
1.94107 · x− 0.856254

Y��
0.6185 6 x < 1.5383

4.82766 · x− 5.29668
Y��

1.5383 6 x
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;=<?A�WZAXulg1OZY��"A�AXWZWQ^"Wc�eAXOa� A*AXS

f
g`Se�

fPWL

YlM �qA*dNOh�(AXu\^1�
0.1

��^"W
0.1 6 x < 3.82

�=;=<?A�gq�iMP^"u�T?OQA�AXWZWZ^qW
YlM=u�ARMQM OQ<eg`S

2 · 10−3 ��^qW 0 6 x < 0.1
gqSi�

0
��^qW=S?A*z"g`OQY\�qA

x
� � S�d?WZg"j�OZY\jXAq�!OQ<?Am�1g`u\T?ARM ^q�

VG, VS , VD, VTY\S�u\^qz"Y\j�Y\S!OQAXz"WZg`OQAR�¡j�Y\Wkj�T?Y�OZMcgqu�u\^1��gBzq^L^N��g`d?d?WZ^/�NY�@
g`OQY\^qS}^q�
f
�!K

fPWL
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;=<?AW5iz"T?WQA�v � �NYlMPd?ulg/KNM�OZ<?A¨MaOkg1OZY\j�jk<ig`Wkgqj�OQA*WQYlMaOZY\j
IDS(VGS , VDS)

^`��gqS C5E��mI ^"�NOZgqY�SiA*� �cY�OQ< OQ<iA
IL] � ® ° u�A*�qA*u
y�@B^N�NA*u�gqSi� OZ<?A¡diY�ARj�AX�cYlMQA¡u\Y�S?ARg`WVg`d?diWQ^/�NY\@Vg`OQY\^qS ^`�cOZ<?A¨INg`< @V^N�NA*u�� ;=<?A}��^"u�u\^1�cY\S?z
digqWZgq@BAXOQA*W��1gqu�T?ARM=� A*WQAmTiMQA*� �

εr SiO2
= 3.9

tOX = 20 nm

µ = 750 cm2.V −1.s−1

W = 1 µm

L = 1 µm

VT = 1 V

b�^`OQOQ^q@ 5izqT?WZA*MmY\SijXu�Ti�?A
�e^qOQ< @V^L�?AXulMmWQARMPT?u�OZMm�cY�OQ< Oa��^��NY *8AXWZAXS!O��LY\AX�cd(^qY\S"OkM�OQ^��NYlMQd?u\g/K�OQ<?A
WZAXz"Y�^"SiM
�c<?A*WQA��NY *(A*WQA*Sij�ARMcg`d?d(A*gqW*�

PWL model solved by LCP
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MOS level 1 SPICE
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u\AX�qA*ueym@B^N�NA*u
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fF
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OUT
IN

VDD VDD VDD VDD VDD VDD VDD VDD VDD VDD

Cload

£:Y\zqT?WZA�v�� � � SL�"AXWQOQAXWcjk<igqY�S�Y\S�®�E �mI

� S�OQ<?ARMPA�A*gqWQu\K�MPY\@�T?ulg1OZY�^"SiM*�/OQ<?Ac�NKLSigq@BYljXgquL�eA*<ig/�LY�^"W�^q�?OQ<?AcE��mI�OQWkg`SiMQYlMaOZ^qW:��g"M�MQY�@Vd?u\Y65iA*���LK��qAXA*d?Y\S?z
OQ<iA�Y\S!OQWZY�SiMQYlj�jXgqdigqjXY�Okg`SijXA*M

CGS

gqSi�
CGD

Y�Si�?AXd(AXSi�NA*S!O���WZ^q@��"^qu�OZg`z"A*M*���F� jX^qT?WkMPA"�iOZ<?YlM5�NY *8AXWkMh��WZ^q@
OQ<iA�E¨AXK"AXWcS?^"S?u\Y�S?ARg`WFj*g`dig"j�Y�OZgqSij�ARM=Y�@Vd?u\AX@VAXS!OZA*��Y\S�OQ<?A�IL] � ® ° u�A*�qA*u_y�@V^L�?AXu7��£:Y\zqT?WZA�pqoVMQ<?^1�hM=OQ<iA
j�^"@Vdig`WZY\MQ^qSs�eAXOa� A*AXS�MQY\@�T?ulg1OZY�^"SsWZA*MQT?u�OkM��cY�OZ< IL] � ® ° ���N^`OQOQA*��u\Y�S?ARMZ��gqSi��I � ®c��Cm�mI¨��^"W�g�MQAXu\A*j�OQY\^qS
^`��Y\S!�"AXWQOQA*WZM ^qTNOZd?TNOh�"^qu�OZg`z"A�gqSi��E��mI�j�T?WZWQA*S!OZM*�
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u�� # � 0�2D\IXZY & 2.$0V.XoY3/3XZY�)
;=<?A=��T?Sej�OQY\^qSiY�S?z�^q�8MQ�cY�OZjk<V@V^L�?Acde^1��AXW-MQT?d?d?u\Y\A*M.YlM.�ig"MPAR��^"S��eK!�egqj����NY\^N�NA*M�g`Si�VMQ�cY�Okjk<?A*��OQWkg`SeMPYlMaOZ^qWkM
�cY�OQ<�g�WZAXzqTiu\g`OQY\^qS
^qS�^qTNOZd?TNOcj�T?WZWZAXS!O ^"W �"^qu�OZg`z"Aq�:;=<?A�gqWPOZY\jXu�A � y �$d?WQARMPA*S!OZM�MP^"@BA�MPY\@�Tiu\g`OQY\^qS}WZA*MQT?u�OZM ^`�
g}® T ��jX^qSL�qA*WPOZAXW��m�c<?Yljk<�<eg/�qA��eA*AXS�WQA*d?WZ^L�?Tij�AR�}Y\S¨INY\jX^qS?^!MX�
;=<?YlMFAX�?g`@Vd?u\A�<igqMF�eA*AXS�diWQ^"de^!MPAR��gqSi���NA*�qA*u�^"deAR���!K � �8E¨AXWZY�u\ulgqM*�i°h�8£?^!MQMZgqMhgqSi��®�gqWQu\A*Mhb=g`OPOQu\A���WZ^q@
DhSiY��"AXWkMPY�OZg`O�]�^qu\Y�OZ>*j�SiY\j*g��NA�®�g`OZgqu�T?SLK!g ��Dh]�®=���.b�gqWZjXAXu\^qSig ��yny �7�s;=<iA¡MPKNMPOQA*@ jX^qSiMQYlMaOkM�Y�S g¨].g`Wkg`u\u�A*u
fcARMP^"Sig`S!O�® ^qSL�"AXWQOQAXW5��]�fh®=�.�c<iY\jk<
YlM-�ig"MPYljXgqu�u\K�g��?j����?jcd(^1� A*W�j�^"SL�qAXWQOQA*W*�:;=<?AFMZjk<?AX@
g`OQYljc^`�8OQ<iAF]�fh®
YlM�MQ<?^1�cSVY�S}£:Y\zqT?WZAhpfy`��;=<?AFMQKNMaOZAX@ Y\M j�^q@Vd(^"MQA*�B^`�8��^"T?W-digqWPOkM �:g`S
Y\S!�"AXWQOQA*W.�?u�^Nj��8�"gmWZA*MQ^qSeg`S!O�OZg`S ��Y\S
MQAXWZY�ARMX�qgmWZA*j�OQY65iAXW��?u�^Nj��Bg`Si�Vg`SV^"TNOQd?T?OC5iu�OQAXWR� � S
^qT?W-j*gqMQAq�`OZ<?AhY\SL�qAXWQOQA*W��?u�^Nj���Y\M g���T?u�u�� �?WQYl�Nz"AcY�SL�qA*WPOZAXWR�
� OhYlMcjXg`u\u\A*��dig`Wkg`u\u�A*u8WQARMP^"Sig`S!Ocj�^qSL�"AXWQOQAXW��(A*jXgqTiMQAFOZ<?A�u�^!gq��Y\M=Y\S�dig`Wkg`u\u�A*u$�cY�OZ<¡OZ<?A�WZA*MQ^qSigqS"OcjXgqdigqjXY�OZ^qWR�

£:Y\zqT?WZA�pfy � � ].g`Wkg`u\u\AXu$fcA*MQ^qSeg`S!O5® ^qSL�qA*WPOZAXW=�NY\gqzqWkg`@

;�^�WZAXd?WZA*MQAXS!O OQ<?AmMPKNMPOQA*@ Y�S�ILY\jX^qS?^!MX�L��AFTiMQAmg 	, 0+K�0���$+�
�1$+��K ;%&1"-�+����?�/g 	, 0+K�.���$+�
�1�+��K ;%&1�-$+�� ��D�gqSi�
g?<�#4�&� /"1��K1$%���-�+K 0���4<"#$%�
  ;�K :#.%�E����e�1g"M=zqY\�qAXS�Y\S �7v1r"���	�¢pqr"�=g`Se� �7y3y*��WZA*MQd(A*j�OZY��"AXu\Kq�
�hS�OZ<!TeMc� Am^"�NOZgqY�S�gV�:®=I �¢�	Y�S?ARg`W5® ^"@Bdiu�A*@BA*S!OZg`WZY�OaK¡ILKNMaOZAX@}��^`�:OQ<?A���^"WQ@ �

ẋ(t) = Ax(t) + b(t) + r,
�7w`v"�

y(t) = Cx(t) +Dλ(t),
�7w1p!�

0 6 y ⊥ λ > 0
�7w1r!�

�cY�OQ<�OQ<?AVMaOkg1OZA
x = [ir, vr, iL, v0]

��g`Si��OQ<?AVj�^"@Bdiu�A*@BA*S!OZg`WZY�OaK��1gqWQYlg`�?u\A*M
y = [vD1, vD3, iD2, iD4]

gqSi�
λ = [iD1, iD3, vD2, vD4]

� �FSi� �

A =















0 − 1
Lr

0 0

1
Cr

0 0 0

0 0 0 − 1
Lf

0 0 1
Cf

− 1
RLCf















, B =











0 0 0 0

− 1
nCr

1
nCr

0 0

0 0 1
Lf

1
Lf

0 0 0 0











,
� w`y"�

C =









0 − 1
n 0 0

0 1
n 0 0

0 0 1 0
0 0 1 0









, D =









0 0 1 0
0 0 0 1
−1 0 0 0
0 −1 0 0









,
� w � �
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rqr � ��������� ���������n�	���

�hSe�¡��^"W=OQ<?A�AX�LOQAXWZSigqu�MP^"T?WZjXA �

b(t) = E
ILY�z"S

(sin(wt)), E =









1
Lr

0
0
0









� wqwq�

;=<?A�SLT?@VA*WQYljXgquFMPY\@�Tiu\g`OQY\^qSiM�g`WZA¨deA*WP��^"WQ@VA*� �cY�OQ< OZ<?A¨��^"u�u\^1�cY�Siz dig`Wkg`@VA�OZAXW}�1gqu�T?ARM �
Lr = 150µH

�
Lf = 0.4mH

�
Cr = 68nF

�
Cf = 2.2µF

�
RL = 33Ω

gqSi� OQ<?As��WQAR[!T?AXSijXK¯^q��OZ<?AsY\S?d?T?O��q^"u�Okg`z"A
F0 = 55000Hz

�:;=<?AmWQARMPTiu�OkMcg`WZA�z"Y��"AXS�^qS�£:Y�z"T?WQA�p"vL�
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£:Y�z"T?WZA�p"v �$INY\jX^qS?^!M�MPY\@�Tiu\g`OQY\^qS�^`�LOZ<?A�digqWZgqu�u\AXuqWQARMP^"Sig`S!O�j�^"S!�"AXWQOQA*W*�*�cY�OZ<
RL = 33Ω

gqSi�
F0 = 55KHz
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