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Abstract

For any two � - �	� order polynomials 
���
�� and ����
���� the Hurwitz
stability of their convex combination is necessary and sufficient
for the existence of a polynomial ����
�� such that ����
�����
���
�� and����
���������
�� are both strictly positive real.

1 Introduction

The strict positive realness (SPR) of transfer functions is an
important performance specification, and plays a critical role
in various fields such as absolute stability/hyperstability theory
[15, 20], passivity analysis [11], quadratic optimal control [3]
and adaptive system theory [16]. In recent years, stimulated by
the parametrization method in robust stability analysis [1, 4, 6],
the study of robust strictly positive real systems has received
much attention, and great progress has been made [2, 5] [7]-
[10] [12]-[14] [17]-[19] [21]-[35]. It was proved in [9, 21] that
the strict positive realness of an entire interval transfer function
family can be guaranteed by the same property of only eight
prespecified vertex transfer functions in this family. However,
most available results in the literature belong to the category of
robust SPR analysis. Valuable results in robust SPR synthesis
are rare. The following fundamental problem is still open [14,
18, 22, 23] [25]-[28] [30] [31]-[34]:

Suppose 
���
�� and ����
�� are two � - �	� order Hurwitz polynomi-
als, does there exist, and how to find a (fixed) polynomial ����
��
such that ����
�����
���
�� and ����
���������
�� are both SPR?

By the definition of SPR, it is easy to know that the Hurwitz sta-
bility of the convex combination of 
���
�� and ����
�� is necessary
for the existence of polynomial ����
�� such that ����
�����
���
�� and����
���������
�� are both SPR. In [13, 14, 19], it was proved that, if
���
�� and ����
�� have the same even (or odd) parts, such a polyno-
mial ����
�� always exists; In [2, 13, 14, 17, 22, 23, 25, 27, 30, 31],
it was proved that, if ���! and 
���
��"������
��$#&% ( % is a stable
interval polynomial set), such a polynomial ����
�� always exists;
Recent results show that [22, 23, 25, 27, 28, 30] [32]-[34], if�!�(' and 
���
�� and ����
�� are the two endpoints of the convex

combination of stable polynomials, such a polynomial ����
�� al-
ways exists. Some sufficient condition for robust SPR synthesis
are presented in [2, 5, 10, 17, 22, 23, 27], especially, the design
method in [22, 23] is numerically efficient for high-order poly-
nomial segments or interval polynomials, and the derived con-
ditions are necessary and sufficient for low-order polynomial
segments or interval polynomials.

This paper presents a constructive proof of the following state-
ment: for any two � - �	� order polynomials 
���
�� and ����
��"�
the Hurwitz stability of their convex combination is necessary
and sufficient for the existence of a polynomial ����
�� such that����
�����
���
�� and ����
���������
�� are both SPR. This also shows that
the conditions given in [22, 23] are also necessary and suffi-
cient and the above open problem admits a positive answer.
Some previously obtained SPR synthesis results for low-order
polynomial segments [22, 23, 25, 27, 28, 30] [32]-[34] become
special cases of our main result in this paper.

2 Main Results

In this paper, )+* stands for the set of � - �	� order polynomials of
 with real coefficients, , stands for the field of real numbers,- �/.�� stands for the order of polynomial .0�	1 � , and 23*546)7*
stands for the set of � - �	� order Hurwitz stable polynomials
with real coefficients.

In the following definition, .0�819�&#:)+;<��=>�	1 �?#@) * �BAC��
��ED.F��
�����=>��
�� is a rational function.

Definition 1 [3, 16, 29] AC��
�� is said to be strictly positive
real(SPR), if

(i)
- �G.��HD - ��=���I

(ii) AC��
�� is analytic in Re J 
LKNMPOQ� (namely, =>�819�R#S2E* );

(iii) Re J AC�UT�VW�XKZY[O\�^]_VP#`,ba
If AC��
��cD^.0��
�����=>��
�� is proper, it is easy to get the following
property:

Property 1 [3, 9, 16, 20] If AC��
��`D6.0��
�����=>��
�� is a proper
rational function, =>��
��d#e2E*�� and ]�Vf#g,b� Re J AC�UT�VW�hK7YiO\�
then .0��
��R#`2E*kj`2l*>mon�a
The following theorem is the main result of this paper:



Theorem 1 Suppose 
���
��3Dp
�*rqs
 n 
�*tmZnkqu1L1v1_qw
 * #2 * ������
��xDe
 * qP� n 
 *tmon q!1L1v1�qP� * #l2 * � the necessary and
sufficient condition for the existence of a polynomial ����
�� such
that ����
�����
���
�� and ����
���������
�� are both Strict Positive Real, isy ����
��Nq!�	z|{ y �8
���
��|#r2 * � y #&J OQ�LzLK�a
The statement is obviously true for the cases when �gD}z or�SD5~>a We will prove it for the case when ��MP�Qa
Since SPR transfer functions enjoy convexity property, by
Property 1, we get the necessary part of the theorem.

In what follows, the notation J �QK stands for the largest integer
that is smaller than or equal to the real number � and ���\���
stands for the remainder of the nonnegative integer � divided
by the positive integer � 1.

To prove sufficiency, we must first introduce some lemmas.

Lemma 1 Suppose 
���
��7D:
�*bq[
 n 
�*tmonRqw1v1L1�q[
 * #P2l*��
then �W��
���Dw
 *>mon qP� n 
 *tm�� q51L1v1�q�� *tmon #E2 *tmon � where 2�0�FD�
�� *tm �U���� � 
���
 *tmon {&
t� mZn 
 *
 *tmZn � � *tmZnBm �U� � �	�CDsz���~>�v1L1v1��	��{cz��
��$Dsz���
��ZD!O if �F�PO or �0YP��a
Proof it can be directly proved by using Hurwitz criterion.

Lemma 2 Suppose 
���
��7D:
�*bq[
 n 
�*tmonRqw1v1L1�q[
 * #P2l*��
then �x��
���D�
�*tmon�q�� n 
�*tm���qs1v1L1�q!� *tmZn #g2l*tmon�� where
3 � � Df��
 n 
 � � n {?
 �U� � � � �¡� � � 
 � � n
 n � � �U� n � � ����Dfz���~\�L1v1L1��	�E{�z��
��$Dsz���
��ZD!O if �F�PO or �0YP��a

1For example, ¢ £�¤ ¥�¦�§@£�¨�¢ ©�¤ ¥�¦R§(©�¨�¢ ª�£�¤ ¥�¦R§:ªN«�¨ etc., and ¬¡©"­�®¯§©�¨8¬�£�­ ® §E£�¨	¬�£�£�­�°H§`«�¨ etc..
2For example, when ±�§r²�¨ we have:³�´ §Pµ ´ µ ® ª µ °µ ® ¨ ³ ® § µ ® ¤

when ±�§`¶�¨ we have:³�´ § µ ´ ¨ ³ ® §Pµ ® µ ° ª µ ´ µv·µ ° ¨ ³ ° § µ ° ¤
when ±�§r¥�¨ we have:³ ´ § µ ´ µL· ª µ�¸µv· ¨ ³ ® § µ ® ¨ ³ ° § µ ° µL· ª µ ® µv¸µL· ¨ ³ · § µ · ¤
when ±�§r¹�¨ we have:³ ´ § µ ´ ¨ ³ ® § µ ® µ�¸ ª µ ´ µvºµ ¸ ¨ ³ ° § µ ° ¨ ³ · § µv·�µv¸ ª µ ° µLºµ ¸ ¨ ³ ¸ § µ ¸ ¤
3For example, when ±�§r²�¨ we have:» ´ § µ ´ µ ® ª µ ° ¨ » ® §[µ °µ ´ ¤

when ±�§`¶�¨ we have:» ´ § µ ´ µ ® ª µ ° ¨ » ® §[µ °µ ´ ¨ » ° § µ ´ µL· ¤
when ±�§r¥�¨ we have:» ´ § µ ´ µ ® ª µ ° ¨ » ® § µ °µ ´ ¨ » ° § µ ´ µ · ª µ ¸ ¨ » · § µv¸µ ´ ¤
when ±�§r¹�¨ we have:» ´ § µ ´ µ ® ª µ ° ¨ » ® §[µ °µ ´ ¨ » ° § µ ´ µv· ª µ�¸ ¨ » · §[µv¸µ ´ ¨ » ¸ § µ ´ µvº ¤

Proof it can be directly proved by using Hurwitz criterion.

Lemma 3 Suppose 
���
��HDg
�*oq+
 n 
v*>mon�q¼1L1L1¡q+
 * #`2l*�� then,
for every ½¯#�¾�z��B~>�v1L1L1����x{k~t¿�� the following quadratic curve is
an ellipse in the first quadrant (i.e., ����MPOQ�	�FDsz��B~>�L1v1L1"���À{3z )
of the ,k*tmon space ��� n ��� � �v1L1v1L�	� *tmon � 4:ÁÂ Ã � � Ä � n {3 �� Ä � Ä � � D!OQ����ZD!OQ��F#E¾�z���~\�L1v1L1��	�C¿����WÅDg½���½7q!z���½kq�~>�
and this ellipse is tangent with the lineÆ � � D�OQ��C#E¾�z��B~>�L1v1L1����C¿����WÅD5½+q�z���½kqÇ~\�
and the line Æ � � D5O\��F#�¾�z���~>�v1L1v1��	�C¿����HÅDg½��B½kq!z��
respectively, where �"� ÈGD *ÉÊ�Ë � �	{7z�� � � Ê 
 Ê � � � m Ê mZn ��� Dz���~\�L1L1v1"�	���\
 � D}z��	� � D}z��>
��7DÌO if �c�fO or �cY:��� and���0D5O if �x�PO or �WYÇ�r{Pz�a

4When ±k§r²�¨ the ellipse equation is (see [27, 28] for details):Í µ ®�Î ´ ª µ ´ Î�® ª µ °LÏ ® ªÀ¶ Í µ ´ ª Î ´ Ï µ ° Î�® §¯©�¤
When ±�§`¶�¨ the two ellipse equations are (see [25] [30]-[32] for details):ÐÑ Ò Í µ ®�Î ´_Ó Î ° ª µ ´ Î�® ª µ °"Ï ® ª+¶ Í µ ´ ª Î ´ Ï Í µ ° Î�®ª µ ® Î ° ª µ · Î ´ Ï §r©�¨µL· Î ° §`©�¨ÐÑ Ò Í µ ° Î ® ª µ ® Î ° ª µ · Î ´ Ï ® ªÀ¶ Í µ ® Î ´ Ó Î °ª µ ´ Î�® ª µ °"Ï µv· Î ° §r©�¨µ ´ ª Î ´ §`©�¤
When ±�§r¥�¨ the three ellipse equations are (see [33] for details):ÐÑ Ò Í µ ®�Î ´_Ó Î ° ª µ ´ Î�® ª µ °"Ï ® ª+¶ Í µ ´ ª Î ´ Ï Í µ�¸ Ó µ ° Î�®Ó µ ´ Î · ª µ ®�Î ° ª µv· Î ´ Ï §r©�¨µ · Î ° ª µ ° Î · ª µ ¸ Î ® §`©�¨ µ ¸ Î · §`©�¨ÐÑ Ò Í µ�¸ Ó µ ° Î�® Ó µ ´ Î · ª µ ®�Î ° ª µv· Î ´ Ï ® ª+¶ Í µ ®BÎ ´_Ó Î °ª µ ´ Î ® ª µ ° Ï Í µ · Î ° ª µ ° Î · ª µ ¸ Î ®�Ï §`©�¨µ ´ ª Î ´ §`©�¨ µv¸ Î · §`©�¨ÐÑ Ò Í µ · Î ° ª µ ° Î · ª µ ¸ Î ®BÏ ® ª+¶ Í µ ¸ Ó µ ° Î ® Ó µ ´ Î ·ª µ ®�Î ° ª µL· Î ´ Ï µ�¸ Î · §`©�¨µ ´ ª Î ´ §`©�¨ µ ®�Î ´_Ó Î ° ª µ ´ Î�® ª µ ° §r©�¤
When ±�§r¹�¨ the four ellipse equations are (see [34] for details):ÐÔÔÑ ÔÔÒ Í µ ®�Î ´_Ó Î ° ª µ ´ Î�® ª µ °"Ï ® ª+¶ Í µ ´ ª Î ´ Ï Í µ�¸ Ó µ ° Î�® Ó µ ´ Î ·ª Î ¸ ª µ ®�Î ° ª µL· Î ´ Ï §r©�¨µ º Î ´ Ó µ · Î ° Ó µ ® Î ¸ ª µ ° Î · ª µ ¸ Î ® §r©�¨µv¸ Î · ª µL· Î ¸ ª µLº Î ° §r©�¨ µvº Î ¸ §¯©�¨ÐÑ Ò Í µ ¸ Ó µ ° Î ® Ó µ ´ Î · ª Î ¸ ª µ ® Î ° ª µ · Î ´ Ï ® ªÀ¶ Í µ ® Î ´ Ó Î °ª µ ´ Î�® ª µ °"Ï Í µLº Î ´_Ó µL· Î ° Ó µ ®�Î ¸ ª µ ° Î · ª µ�¸ Î�® Ï §r©�¨µ ´ ª Î ´ §`©�¨ µv¸ Î · ª µL· Î ¸ ª µLº Î ° §r©�¨ µvº Î ¸ §¯©�¨ÐÑ Ò Í µ º Î ´ Ó µ · Î ° Ó µ ® Î ¸ ª µ ° Î · ª µ ¸ Î ®�Ï ® ª+¶ Í µ ¸ Ó µ ° Î ® Ó µ ´ Î ·ª Î ¸ ª µ ®�Î ° ª µL· Î ´ Ï Í µv¸ Î · ª µL· Î ¸ ª µLº Î °"Ï §`©µ ´ ª Î ´ §`©�¨ µ ®�Î ´_Ó Î ° ª µ ´ Î�® ª µ ° §r©�¨ µLº Î ¸ §r©�¨ÐÔÔÑ ÔÔÒ Í µv¸ Î · ª µL· Î ¸ ª µLº Î °BÏ ® ª+¶ Í µvº Î ´_Ó µv· Î ° Ó µ ®�Î ¸ª µ ° Î · ª µv¸ Î�® Ï µvº Î ¸ §¯©�¨µ ´ ª Î ´ §`©�¨ µ ®�Î ´_Ó Î ° ª µ ´ Î�® ª µ ° §r©�¨µv¸ Ó µ ° Î�® Ó µ ´ Î · ª Î ¸ ª µ ®�Î ° ª µL· Î ´ §`©�¤



Proof Since 
���
�� is Hurwitz stable, by using mathematical
induction, and by Lemmas 1 and 2, Lemma 3 is proved by a
direct calculation.

For notational simplicity, for 
���
��xD!
�*Wq`
 n 
v*>mon�q31L1L18q`
 * #2l*�������
��HD!
�*Hqd� n 
�*tmon>ql1L1v1�qd� * #S2l*��B]Z½¼#3¾�z���~>�v1L1v1��	��{~t¿�� denoteÕ|Ö× Ä ÈGDs¾ ��� n �	� � �v1L1L1v�	� *tmon �LØ �"�Ä � n {3 �� Ä � Ä � � �POQ�� � D5O\���F#E¾�z���~\�L1v1L1��	�C¿����WÅD!½o��½7q�z���½7q�~t¿��
andÕ|Ù× ÄbÈ9Ds¾ ��� n ��� � �L1L1v1"�	� *tmon �LØ Ú��Ä � n {� �Ú Ä Ú Ä � � �[O\�Ú��ND!O\���F#�¾�z���~\�L1L1v1��	�C¿����xÅD5½��B½7q�z���½7qÇ~>¿��
where �"� ÈGD *ÉÊ�Ë � �8{7z�� � � Ê 
 Ê � � � m Ê mon ��Ú�� ÈGD*ÉÊ�Ë � �8{7z�� � � Ê � Ê � � � m Ê mon ���ÛD z���~\�L1L1v1"�	���¯
 � D z���� � Dz���� � Duz���
t�HDsO and �"�HDsO if �|�eO or �|Y!��� and �_�HDÜO if�H�[O or �xYP�¯{Pz�a
In what follows, ��Ý+��Þb� stands for the set of points in the line
segment connecting the point Ý and the point Þ in the ,À*tmon
space ��� n �	� � �v1L1v1L�	� *tmon ��� not including the endpoints Ý andÞ . DenoteÕ|Ö ÈGDe¾ ��� n �	� � �v1L1L1L�	� *>mon �LØ��� n �	� � �v1L1L1L�	� *>mon �R#Sß *tm�à� Ë n�á ��â Ê"ã *tm�� ��Ý�����Ý Ê �"�]oÝ��C# Õ|Ö× � �	�H#3¾�z���~\�L1L1v1"�	�`{ä~t¿�¿
andÕ|Ù È9Dw¾ ��� n �	� � �v1L1L1v�	� *tmon �LØ��� n �	� � �v1L1L1v�	� *tmon �R# ß *tm�à� Ë n�á ��â Ê"ã *tm�� ��Þ � ��Þ Ê ���]�Þ��C# Õ|Ù× � �	�W#E¾�z��B~>�L1v1L1����¯{ä~t¿�¿�a
Lemma 4 Suppose 
���
��eDå
�*3q:
 n 
�*tmonbqÌ1L1v1Nqu
 * #2l*�������
���D(
�*<q[� n 
�*tmonRqg1L1v1�q[� * #ä2l*�� if Õ|Ö�ælÕ|Ù ÅD^ç0�
take ��� n �	� � �v1L1v1L�	� *tmon ��# Õ|Ökæ�Õ|Ù � and let ����
���ÈGD�
�*tmZn|q��� n {?è���
�*tm��|qP� � 
�*tm�à�qg1L1v1�qP� *tm�� 
�qs��� *>mon q�è�� ( è is a

sufficiently small positive number), then for
����
��
���
�� and

����
������
�� , we

have ]�V�#S,b� Re J ���UT�VW�
�� T�VW� K0Y�O and Re J ���UT�VW����UT�VW� K0YPO\a
Proof Suppose ��� n ��� � �L1L1v1"�	� *tmon �3# Õ|Ö+æÇÕ|Ù � let ����
��3ÈGD
�*tmon�qr��� n {7è��	
�*tm��tqb� � 
�*tm�àtqr1L1L1�qb� *tm�� 
\qr��� *tmZn qbè��"�8èbYO\�	è sufficiently small.]_VP#`,b� consider

Re J ���UT�VW�
��UT�VW� KéD zØ�
�� T�VW�|Ø � J � n V �Lê *tmon	ë q?� � V �Lê *tm���ëq?1v1L1vqÇ� *tmZn Vx�WqÇ� * Kq Re J {�è\�UT�VW�	*tm��Rq&è
��UT�VW� K
D zØ�
�� T�VW�|Ø � J � n V �Lê *tmon	ë q?� � V �Lê *tm���ëq?1v1L1vqÇ� *tmZn Vx�WqÇ� * Kq �	{�è��Ø 
�� T�VW�vØ � �8{�V �Lê *tmon	ë qgì����V � �����

where � � È9D *ÉÊ�Ë � �8{7z�� � � Ê 
 Ê � � � m Ê mon ���äDíz��B~>�v1L1L1�������
 � Dz��	�_�lDîz��Q
 � DïO if ���ÌO or ��Y6��� and � � DïO if ���ÌO
or ��Yi��{ez�� and ì����Vx��� is a real polynomial with order not
greater than ~\���¯{ä~�� .
In order to prove that ]�VP#E,b� Re J ���UT�VW�
��UT�VW� KFY!OQ� let �WD�Vx��� we

only need to prove that, for any ècY�OQ�8è sufficiently small, the
following polynomial A n ���	� satisfiesA n ���	�|È9D � n � *tmZn qÇ� � � *tm�� q!1L1L1�q?� *>mon �NqÇ� *q�è>���8*tmonW{�ì�����	�	��Y[O\�d]��W#�J O\��q7ðÇ�"a
Since ��� n ��� � �v1L1v1L�	� *tmon ��# Õ|Ö � by the definition of

Õ|Ö � it is
easy to know thatñ n ���	�RÈGD!� n � *tmZn q�� � � *tm�� q<1L1L1Gq�� *tmZn ��q�� * YPOQ��]��x#&��OQ�Bq7ð���a
Moreover, we obviously have A n ��O��bY@O\� and for any è&Y^O ,
when � is a sufficiently large or sufficiently small positive num-
ber, we have A n ���	�kYsO\� namely, there exist Or�e� n �w� � such
that, for all èbYPO , �W#&J O\�	� n Ktj3J � � �Bq7ð�� , we have A n ���	��Y�OQa
Denote ò n D óUô>õöX÷>ø ö�ù á ö �8ú ñ n ���	���û n D ü�ý\þöX÷>ø ö ù á ö � ú Ø � *tmon {[ì�����	���LØ/a
Then

ò n Y[O and
û n YPO\a Choosing Oc��èÀ� ò nû n � by a direct

calculation, we haveA n ���	�|È9D � n �8*tmZnHqÇ� � �8*tm��Wq!1L1L1�q?� *>mon �NqÇ� *q�è>���8*tmonW{�ì�����	�	��Y[O\�d]��W#�J O\��q7ðÇ�"a
Namely, ]�V�#r,b� Re J ��� T�VW�
�� T�VW� K0YPOQa
Similarly, since ��� n ��� � �v1L1v1L�	� *tmon ��# Õ|Ù � there exist Oc�P� à ��hÿ such that, for all è�Y O , �S#fJ OQ�	� à KZj�J �hÿ��Bq7ð�� , we haveA � ���	�|Y�O\�whereA � ���	��ÈGD Ú n �8*>monHqÇÚ � �8*tm��Rq�1v1L1�qÇÚ *>mon �NqÇÚ *q�è\���8*tmonW{ ìÚ_���	�	�"�

Ú��FÈ9D *�Ê�Ë � �8{7z�� � � Ê � Ê � � � m Ê mZn �S�ZDÜz���~\�L1v1L1��	���
where ���kD^z����Q�+D^z���� � DeO if ���!O or ��Y���� and � � DeO if���5O or �|Y��S{[z�� and ìÚ�� Vx�v� is a real polynomial with order
not greater than ~\���<{S~�� which is determined by the following
equation:

Re J {�è\� T�VW�	*tm��xqäè���UT�VW� K�D �	{�è��Ø ���UT�VW�vØ � �8{�V �Lê *tmZn8ë q ìÚ�� V � �	�"a
Denoteñ � ���	��È9D5Ú n � *tmZn q?Ú � � *>m�� q!1L1v1�q?Ú *tmZn �Nq?Ú * �



ò � D ó ô>õöX÷>ø ö�� á ö�� ú ñ � ���	�"�û � D ü�ý\þöX÷>ø ö�� á ö�� ú Ø � *tmZn { ìÚ_���	�	�LØ/a
Then

ò � Y[O and
û � Y�OQa Choosing O<��è<� ò �û � � we have

]_V�#r,b� Re J ���UT�VW����UT�VW� KNY[O\a
Thus, by choosing Ou�îè^���có ôN¾ ò nû n �

ò �û � ¿�� Lemma 4 is

proved.

Lemma 5 Suppose 
���
��eDå
�*3q:
 n 
�*tmonbqÌ1L1v1Nqu
 * #2l*�������
��7Df
�*bq5� n 
�*tmon|qw1L1L1�q5� * #[2l*�� if y ����
���qs�	zk{y �	
���
���#r2l*�� y #�J O\�vz"KX� then
Õ|ÖRæ`Õ|Ù ÅD5ç

Proof If ] y #eJ OQ�Lz"KX��
	�\��
��<ÈGD y ����
��Hqw�8zk{ y �8
���
��b#P2 * �
by Lemma 3, for any

y #iJ OQ�LzLK�� Õ Ö�
× Ä ��½gDéz���~\�L1v1L1��	�Ç{5~>�
are �5{(~ ellipses in the first quadrant of the ,7*tmZn space��� n ��� � �v1L1v1L�	� *tmon � .] y #äJ O\�LzLK�� denoteÕ|Ö�
 È9Dw¾ ��� n �	� � �v1L1L1v�	� *tmon �LØ��� n �	� � �v1L1L1v�	� *tmon ��# ß *tm�à� Ë n�á ��â Ê"ã *tm�� ��Ý�������Ý�� Ê �"�]�Ý����C# Õ Ö�
× � �	�H#�¾�z���~\�L1v1L1��	�`{ä~t¿�¿
Apparently, when

y
changes continuously from O to z , Õ$Ö�


will change continuously from
Õ�Ö

to
Õ|Ù � and

Õ Ö�
× Ä will change
continuously from

Õ�Ö× Ä to
Õ|Ù× Ät�B½cDÜz��B~>�v1L1L1����¯{?~\a

Now assume
Õ�Ö�æ&Õ|Ù D ç0� by the definitions of

Õ�Ö
and

Õ|Ù
and Lemma 3, 
�� n Y O\��� � YîO\��� n ÅD 
 n ��� n ÅD � n � and

 ì½3#P¾�z��B~>�v1L1L1����l{Ç~t¿�� such that the following hyperplane �
in the ,k*tmZn space ��� n �	� � �L1v1L1"��� *tmZn �

�PÈ � n� n q � �� � q!1L1v1�q � *tmZn� *tmZn Dsz
separates

Õ|Ö
and

Õ|Ù � meanwhile, � is tangent withÕ|Ö× n � Õ|Ö× � �L1L1v1L� Õ|Ö× ê *tm���ë and
Õ�Ù×��Ä simultaneously (or tangent

with
Õ|Ù× n � Õ|Ù× � �v1L1L1v� Õ|Ù× êU*tm���ë and

Õ|Ö×��Ä simultaneously).

Without loss of generality, suppose that � is tangent withÕ Ö× n � Õ Ö× � �L1L1v1L� Õ Ö× ê *tm���ë and
Õ Ù×��Ä simultaneously.

As before, the notation J �\K stands for the largest integer that
is smaller than or equal to the real number � and ���>��� stands
for the remainder of the nonnegative integer � divided by the
positive integer �_a
Since � is tangent with

Õ Ö× n � Õ Ö× � �L1v1L1v� Õ Ö× ê *>m���ë and
Õ Ù×��Ä simul-

taneously, note that 
���
�� is Hurwitz stable and � n YuOQ��� n ÅD
 n ��� � Y OQ� using mathematical induction, by a lengthy cal-
culation [22, 23, 25] [27, 28] [30]-[34], we know that the
necessary and sufficient condition for � being tangent with

Õ|Ö× n � Õ|Ö× � �v1L1L1v� Õ|Ö× êU*tm���ë simultaneously is 5

*� � Ë � �	{7z�� J
�oq�z~ K 
 � � � �U� n ���n � J � ~ K_{PJ �~ K� D5O (1)

and

� Ê D(�8{7z�� J T7{Pz~ K � � Ê � �n � J T ~ K� ��T<D5�\�� Q�L1v1L1����¯{[z�� (2)

where 
 � Dwz�a
Since � Ê Df�8{7z�� J T+{�z~ K �F� Ê � �n � J T ~ K� �lT¯Ds�Q�	 _�L1L1v1"�	�S{�z���� is
tangent with

Õ|Ù×��Ä , by a direct calculation, we have

*� � Ë � �	{7z�� J
��q!z~ K ����� � �U� n � �n � J � ~ KQ{PJ �~ K� D5O (3)

where �B�$Dsz�a
From �	z�� and �����"� we obviously have ] y #&J OQ�Lz"KX�

*� � Ë � �8{7z�� J
��q�z~ K 
 ��� � � �U� n � �n � J � ~ K_{PJ �~ K� D5O (4)

where 
 ��� ÈGD�
 � q y ��� � {�
 � ����
��kDwz��B�B�$Dwz��	�FD5O\�vz��B~>�L1v1L1�����a�� �� and ��~�� show that � is also tangent with
Õ Ö�
×��Ä �¡] y #ÇJ O\�vz"K�� ,

but � separates
Õ|Ö×��Ä and

Õ|Ù×��Ä � and when
y

changes continuously

from O to z , Õ Ö 
×��Ä will change continuously from
Õ�Ö× �Ä to

Õ|Ù× �Ä �
which is obviously impossible. This completes the proof.

From Theorem 2.4 in [23], or the proof of Lemma 5 in [28], we
have

Lemma 6 Suppose 
���
��eDí
�*3q@
 n 
�*tmZn<q�1L1L1Nq@
 * #2E*�������
��bDÌ
v*�qg� n 
�*tmon�qw1L1v1�qg� * #!2l*�������
��<DÌ
�*tmon|q� n 
 *tm�� qï1L1L1Cqf� *tmon � if ]�V # ,b� Re J ���UT�VW�
�� T�VW� KwY O and

Re J ��� T�VW���� T�VW� KNY[O\� take

� � ��
���ÈGD�����
��0q���1v�0��
������<YPOQ��� sufficiently small,

5When ±k§r²�¨ we have (see [27, 28] for details):�>´�� ® ª µ ´�� ® ª µ ® �\´_Ó µ ° §`©�¤
When ±�§`¶�¨ we have (see [25] [30]-[32] for details):� �>´�� ®® ª µ ´�� ®® ª µ ® �>´�� ® Ó µ ° � ® Ó µv· �>´ §`©�¨� ° §lª � ´ � ® ¤
When ±�§r¥�¨ we have (see [33] for details):� �>´�� ®®0ª µ ´�� ®®0ª µ ® �>´�� ® Ó µ ° � ® Ó µv· �>´ ª µ�¸ §¯©�¨� ° §Eª �>´�� ® ¨ � · §Eª � ®® ¤
When ±�§r¹�¨ we have (see [34] for details):� �>´�� ° ® ª µ ´�� ° ® ª µ ® �>´�� ®® Ó µ ° � ®® Ó µL· �\´�� ® ª µv¸ � ® ª µLº �>´ §r©�¨� ° §3ª �>´�� ® ¨ � · §3ª � ®®L¨ � ¸ § �\´ � ®®v¤



(where �0��
�� is an arbitrarily given monic � - �	� order polyno-

mial), then

� � ��
��
���
�� and

� � ��
������
�� are both strictly positive real.

The sufficiency of Theorem 1 is now proved by simply com-
bining Lemmas 3-6.

Remark 1 From the proof of Theorem 1, we can see that this
paper not only proves the existence, but also provides a design
method. In fact, based on the main idea of this paper, we have
proposed a geometric algorithm with order reduction for robust
SPR synthesis which is very efficient for high order polynomial
segments [26].

Remark 2 The method provided in this paper is constructive,
and is insightful and helpful in solving more general robust
SPR synthesis problems for polynomial polytopes, multilinear
families, etc..

Remark 3 Our main result in this paper can also be extended
to discrete-time case. In fact, by applying the bilinear trans-
formation of the unit circle into the left half plane, Theorem
1 can be generalized to discrete-time case as well. Moreover,
in discrete-time case, the order of the polynomial obtained ac-
cording to our method is bounded by the order of given poly-
nomial segment [27, 29].

Remark 4 If
����
��
���
�� and

����
������
�� are both SPR, it is easy to know

that ] y #&J OQ�LzLK�� ����
��y 
���
��Nq5�8z�{ y �	����
�� is also SPR.

Remark 5 The stability of polynomial segment can be
checked by many efficient methods, e.g., eigenvalue method,
root locus method, value set method, etc. [1, 4, 6].

Remark 6 By using similar method, we can constructively
prove the existence of SPR synthesis for low order ( �f�  )
interval polynomials. Namely, when �e�( _� the Hurwitz sta-
bility of the four Kharitonov vertex polynomials is necessary
and sufficient for the existence of a fixed polynomial such that
the ratio of this polynomial to any polynomial in the interval
polynomial set is SPR invariant [22, 23, 25, 27, 30, 31]. The
SPR synthesis for high order interval systems is currently under
investigation.

Finally, we give an the example to show that our method is very
effective.

Example 1 Suppose 
���
��+Di
"!�qwz�~�
"#�q%$�O�
 ÿ q���O�O�
�à|q& O�O�
���q<'�O�O�
�q<��O�O\�B����
��FD!
"!�qdzL t
"#�qÀ'�O�
 ÿ qb~('�O�
�à�qÀ *)�O�
���q' & O�
�q5 �O�O\a It is easy to see that the convex combination of
the two polynomials 
���
�� and ����
�� is robustly Hurwitz stable.
Using our method, we can get �	z�~\�	 *)Q�L�� *'\�v��)*)\��O��<# Õ�Ö× à D¾���� n ��� � �	� à �	�_ÿ���� # �LØ � n D5� � D!� ! D!OQ���"�ÿ {l� à � # D%'\avzv' & ',+zvO # {k����'-$�O\a O�� � q¼z�~\zL QavzL�_ÿ�qÀ�� -)\a	 _zL� �� {7~('Qa�)� QzL� � �Qÿ�q+� �ÿ �O>¿ such as .����
��eÈ9D 
"#cqiz�~�
 ÿ q^ -)�
�à<q^ *'�
��<q/)0)�
 and]_Vå# ,21�¾�O\¿�� Re J .��� T�VW�
�� T�VW� KgY O and Re J .���UT�VW����UT�VW� KwYåOQa Let����
��HDg
"#�q¼�	z�~�{$è���
 ÿ q+ *)�
và�q+ *'�
v��q3)0)�
�qkè>�	è is a sufficiently
small positive number (in this example, O<��è<�� ), take èkD5~\�

then for
����
��
���
�� and

����
������
�� , we have ]�V[#3,<� Re J ���UT�VW�
��UT�VW� KFY!O and

Re J ��� T�VW���� T�VW� K�Y@O\a Thus, let ì����
��cÈ9Df����
��Hq4��
"!����EYuO\��� suffi-

ciently small, e.g., take ���gOQa O�'\� then the design requirement
has been met.

Note that, in the Example 1, ����
�� is not unique.
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(1989).

[14] Huang, L., Hollot, C. V., Xu, Z. L., Robust analysis of
strictly positive real function set. Preprints of The Second
Japan-China Joint Symposium on Systems Control The-
ory and its Applications, 210-220, (1990).

[15] Kalman, R. E., Lyapunov functions for the problem of
Lur’e in automatic control. Proc. Nat. Acad. Sci.(USA),
49: 201-205, (1963).

[16] Landau, I. D., Adaptive Control: The Model Reference
Approach. New York: Marcel Dekker, (1979).

[17] Marquez, H. J. and Agathoklis, P., On the existence of ro-
bust strictly positive real rational functions. IEEE Trans.
Circuits Syst.; Part I, CAS-45: 962-967, (1998).

[18] Mosquera, C. and Perez, F., Algebraic solution to the ro-
bust SPR problem for two polynomials. Automatica, 37:
757-762, (2001).

[19] Patel, V. V. and Datta, K. B., Classification of units in 265
and an alternative proof of Kharitonov’s theorem. IEEE
Trans. Circuits Syst.; Part I, CAS-44: 454-458, (1997).

[20] Popov, V. M., Hyperstability of Control Systems. New
York: Springer-Verlag, (1973).

[21] Wang, L. and Huang, L., Finite verification of strict pos-
itive realness of interval rational functions. Chinese Sci-
ence Bulletin, 36: 262-264, (1991).

[22] Wang, L. and Yu, W. S., A new approach to robust syn-
thesis of strictly positive real transfer functions. Stability
and Control: Theory and Applications, 2: 13-24, (1999).

[23] Wang, L. and Yu, W. S., Complete characterization of
strictly positive real regions and robust strictly positive
real synthesis method. Science in China, (E)43: 97-112,
(2000).

[24] Wang, L. and Yu, W. S., On robust stability of polynomi-
als and robust strict positive realness of transfer functions.
IEEE Trans. on Circuits and Syst.; Part I, CAS-48: 127-
128, (2001).

[25] Wang, L. and Yu, W. S., Robust SPR synthesis for
low-order polynomial segments and interval polynomials.
Proceedings of the American Control Conference (ACC
2001), Crystal Gateway Marriott, Arlington, VA, USA,
3612-3617, (2001).

[26] Xie, L. J., Wang, L., and Yu, W. S., A new geometric algo-
rithm with order reduction for robust strictly positive real
synthesis. 2002 The 41st IEEE Conference on Decision
and Control (CDC 2002), Las Vegas, USA, 1844-1849,
(2002).

[27] Yu, W. S., Robust Strictly Positive Real Synthesis and Ro-
bust Stability Analysis. PhD Thesis, Peking University,
Beijing, (1998).

[28] Yu, W. S. and Huang, L., A necessary and sufficient con-
ditions on robust SPR stabilization for low degree sys-
tems. Chinese Science Bulletin, 44: 517-520, (1999).

[29] Yu, W. S. and Wang, L., Some remarks on the defini-
tion of strict positive realness of transfer Functions. Pro-
ceedings of Chinese Conference on Decision and Control,
Northeast University Press, Shenyang, 135-139, (1999).

[30] Yu, W. S. and Wang, L., Design of strictly positive real
transfer functions. IFAC Symposium on Computer Aided
Control Systems Desgin (CACSD 2000), Salford, UK,
(2000).

[31] Yu, W. S. and Wang, L., Anderson’s claim on fourth-order
SPR synthesis is true. IEEE Trans. Circuits Syst.; Part I,
CAS-48: 506-509, (2001).

[32] Yu, W. S. and Wang, L., Robust SPR synthesis for fourth-
order convex combinations. Progress in Natural Science,
11: 461-467, (2001).

[33] Yu, W. S. and Wang, L., Robust strictly positive real syn-
thesis for convex combination of the fifth-order polyno-
mials. Proceedings of the IEEE Symposium on Circuits
and Systems Conference (ISCAS 2001), Sydney, Aus-
tralia, Volume 1: 739-742, (2001).

[34] Yu, W. S. and Wang, L., Robust strictly positive real syn-
thesis for convex combination of the sixth-order polyno-
mials. Proceedings of the American Control Conference
(ACC 2003), Denver, USA, (2003).

[35] Yu, W. S., Wang, L., and Tan, M., Complete character-
ization of strictly positive realness regions in coefficient
space. Proceedings of the IEEE Hong Kong Symposium
on Robotics and Control, Hong Kong, 259-264, (1999).


	Session Index
	Author Index



