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considered in this paper. Optimal control data schedule is presented in
closed-form for a class of systems and some discussions on the optimal
schedule for general systems are presented.

Future work along the line of this work include finding the exact
optimal schedule for general higher-order systems and LQR control
with output feedback, and considering LQG control data scheduling.
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Realization of a Special Class of Admittances with One
Damper and One Inerter for Mechanical Control

Michael Z. Q. Chen, Kai Wang, Yun Zou, and James Lam

Abstract—In this note, we investigate the realization problem of a special
class of positive-real admittances, which is common in vehicle suspension
designs. The number of inerters and dampers is restricted to one in each
case and the number of the springs is arbitrary. To solve the problem, we
first convert a previous result by [6] to a more direct form. A necessary
and sufficient condition for realizability is then derived and explicit circuit
arrangements are provided by assuming that the three-port network con-
sisting of only springs after extracting the damper and the inerter has a
well-defined impedance. To remove the assumption on the existence of a
well-defined impedance, a condition is established on the topological prop-
erty of the m-port network without a well-defined impedance to obtain
an equivalent class of such networks so that the realizability condition is
derived with realization. By combining the conditions with and without a
well-defined impedance, the final realization result is obtained.

Index Terms—Electric circuits, inerter, mechanical networks, network
synthesis, passivity.

I. INTRODUCTION

Passive network synthesis is a classical subject in electrical circuit
theory which experienced a “golden era” for the 1930s—-1970s [1], [2],
[11], [16]. Despite the relative maturity of the field, certain aspects of
passive network synthesis are still incomplete. For example, the only
general method for transformerless electrical synthesis by Bott and
Duffin [2] appears to be highly non-minimal. However, interest in the
field has declined despite the relatively recent development in the de-
sign of positive real functions [8], [10], [15], [20].

Recently, a new network element, named inerter [4], [19], has been
introduced with the property that the (equal and opposite) force applied
at the terminals is proportional to the relative acceleration between
them. Applications of the inerter to vehicle suspension, motorcycle
steering control and vibration absorption have been identified with per-
formance advantages demonstrated (see [4] and references therein).
One of the main motivations for the inerter was the synthesis of passive
mechanical networks. The inerter completes the analogy between elec-
trical networks and mechanical ones (see [19, Fig. 4]), which makes
any passive mechanical network realizable with three kinds of passive
elements: inerters, dampers, and springs. However, the number of ele-
ments for mechanical networks is much more essential than electrical
ones. Therefore, given the existing and potential applications of the in-
erter, interest in passive network synthesis has been revived [5]-[7],
[12], [13]. The need for a renewed attempt on the same subject and its
fundamental connection to system theory has also been highlighted by
Kalman [14].
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The present note is concerned with the realization problem of a spe-
cial class of positive-real admittances, which is common in vehicle sus-
pension designs. This particular class was first discussed in [19], where
it was pointed out that any such positive-real admittance can be realized
using one inerter, two dampers, and three springs. This note considers
the class of realizations in which the number of dampers and inerters is
restricted to one in each case. In our realizations, we impose the condi-
tion that no lever (transformer) can be employed since large lever ratios
can cause difficulties in practical implementation.

We first present a necessary and sufficient condition for this spe-
cial class of positive-real admittances to be realizable employing one
damper and one inerter by assuming that the impedance of the three-
port network after extracting the damper and the inerter is well-defined.
In addition, an explicit construction is given comprising two circuit ar-
rangements, one employing four springs and the other two. Further-
more, we give the relationship between the topological property of the
n-port network and the fact that its impedance is not well-defined, by
which we obtain an equivalent class of networks when the three-port
network does not have a well-defined impedance. The realizability con-
dition of this class of network is derived and a corresponding network
is given, which removes the constraint on the existence of a well-de-
fined impedance.

II. PROBLEM FORMULATION

The realization of the admittance Y (s) in the form of

. aos® +a1s+1
Y = e T s+ D M
where ag,a1,do.d1 > 0, and k > 0 was first discussed in [19].
Defining the resultant [9] of p(s) := ags’4a,s4+1and¢(s) := dos”+
(llS + 1in 5, W€ have Bk = ((Lo — (10)2 — ((Lo(h — (ll(lo)((l,l — dl).
It was shown that any positive-real Y (s) in the form of (1) can be re-
alized using one inerter, two dampers, and three springs. It is known
that many mechanical admittances of suspension struts are in this form
(see [4], [6], [19] and references therein).

For mechanical systems, the spring is the easiest element to be re-
alized practically [6]. Thus, the realization problem of admittance (1)
when the number of inerters and dampers is restricted to one in each
case is meaningful. In [6], it is shown through a counter example that
not all positive-real admittances (1) can be realized using one damper
and one inerter. The present note addresses the following question:
Given a positive-real admittance Y (s) in the form of (1), what addi-
tional conditions for Y (s) are needed to be realized with one inerter,
one damper, and an arbitrary number of springs but no levers? The final
result (Theorem 4.1) of this note provides a necessary and sufficient
condition for this realization, which is a neat inequality concerning
only with coefficients a¢, @1, dy, and d; . Hence, it will be convenient
to test the realizability. In addition, the network configurations that can
be used to cover this condition as well as the values of their elements
are given in Theorem 3.4, Theorem 3.5, and Lemma 4.5.

III. REALIZABILITY CONDITIONS WITH
A WELL-DEFINED IMPEDANCE

A network with one damper, one inerter and an arbitrary number of
springs can be shown in Fig. 1, where X consists of only springs. In
this section, we assume that X has a well-defined impedance. Chen
and Smith have derived a necessary and sufficient condition for any
positive-real admittance to be realized as in Fig. 1 [6].

Lemma 3.1: [6] A positive-real function Y () can be realized as the
driving-point admittance of a network in the form of Fig. 1, where X
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Fig. 1. General one-port containing one damper and one inerter, where b, ¢
> 0, and X consists of only springs.

has a well-defined impedance and consists of only springs, if and only
if Y (s) can be written in the form of

)"( )_ (BZBJ—Bé) .SJ+B3.SZ+B2.S+1 D)
) A B + (R B — B s+ (I BB st R 2

where R as defined in

Ry Ris R;
R = R4 R;z RG (3)
R; Rs Rs

is non-negative definite, and the entries of R further satisfy certain con-
ditions such that there exists an invertible matrix D = diag{1, r, y}
such that DR D is paramount.

To make it easier to check the realizability condition for admittance
Y (s) in the form of (1), it seems natural to convert the admittance ¥ (s)
in the form of (2) to the following form:

azs® + ans® +ar1s+ 1

Y(s) = 4
(5) B35t + /f% 3 4+ /j’g s2 4+ ‘5| s ( )
so that the conditions are in terms of the coefficients
1, (o, (X3, /‘31 . ’52 N ,073 N 64 . Hence, we have
w3 =RsRs — Ri, as=Rs, a1 =Ry, §y=det(R),
ds =R\ Rs — R:, 3, =R/ R:—R;, 4 =R, 5)

We need the following three lemmas to establish Theorem 3.1. Be-
sides, to simplify the expressions, we define the following terms: W :=
2(1’1 c12/31 =+ 3/1 — 0.’1333 — @2/32 — 03/31, I/Vl = kg — (3, TVQ =
leﬁl - “(33, and 1]73 = al,dl - L))g

Lemma 3.2: Consider any function Y (s) in the form of (4) where
o1, o, g, 1, 8o, 33,84 > 0.Y (s) can also be expressed as (2) with
non-negative definite R defined in (3) and the entries of R defined in
(5) ifand only if W,, W2, W3 > 0, and W2 = 4W, W, 5.

Proof: Sufficiency. Let Iis = «y, Rs = as,and ) = 3.
Since Wi, W5, W3 > 0, then by introducing the variables R4, R,
and R¢ we can obtain oy = Ry R3 — Ré, O3 = RiRs — Bé, and
s = R1Ry — Ri, further implying that R4 Rs B = £/ W1 Wo Wy,
By properly assigning the signs of R, R, and Rgs, and because of
W = £2/ W, W2 W3, we can always guarantee that W = 2R, Rs Rs,
which can yield 34 = det(?). Now we obtain all the equations in (5).
Hence, we can express (4) as (2). Furthermore, it can be verified that
R as defined in (3) is non-negative definite.
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Necessity: By (5), it can be calculated that W, = RZ > 0, W, =
RZ>0,W; = R3 >0,and W? = AW, W2 W5 = 4R R: RE. Thus,
the lemma is proven. u

Lemma 3.3: Consider a non-negative definite matrix R in the form
of (3), and the variables w1, as, as, 31, J2, I3, and 34 as defined in
(5). Then, there exists at least one of the first- or second-order minors
of R being zero if and only if at least one of the variables o, a2, a3,
31, 82, 8s, Wi, Wa, Ws, (3, — W/(2W)), (ay — W/(2W3)) and
(a2 — W/(2W3)) is zero.

Proof: Since the variables «, ag, as, 31, B2, B3, and 34
satisfy (5), we have RZ = Wy, R? = W,, R = Ws;, and
2R4RsRs = 1. Consequently, we obtain Ry — R4Rs/Rs =
R1 — (2B4R:R:)/(2R3) = 51 — W/(2W1). Similarly,
Rz — R4R(—,‘/R5 = x; — LV/(Z‘VZ) and R;; - RaR@/R4 =
s — W/(2W3). Hence, making use of the above relationship between
the entries of R and the coefficients, this lemma can be proven. |

It is known from [6, Lemma 3] that for any matrix R satis-
fying the above lemma, there always exists an invertible matrix
D = diag{l,x,y} such that DRD is paramount.

Lemma 3.4: Consider a non-negative definite matrix 2 as defined
in (3), whose first- and second-order minors are all non-zero, and the
variables &, oo, aug, 31, 39, 33, and 34 as defined in (5). Then, there
exists an invertible D = diag{1, x, y} such that D RD is a paramount
matrix if and only if one of the following conditions holds:

)W < 0;

2y W > 0, 8,

(W/(2W3));

3) IV > 0, o < (”7(2”73)), ,34 + Ll’1,33 + 613;31 - (kzﬁz 2 (),
4) IV > 0, w1 < (”7(2”;)), ,34 + Ll’z,gz + 613;31 - (klﬁ“; 2 (),
5) W > O, »7’1 < (117/(21171)), ﬁ4 + (}’163 + 0”2,‘32 - (.Y;;{)’l Z 0.

Proof: The proof is relatively straightforward by showing the
equivalence between the condition of [6, Lemma 4] and the condition
of this lemma and therefore omitted. ]

Therefore, the following theorem is obtained, which is equivalent to
Lemma 3.1.

Theorem 3.1: A positive-real function Y (s) can be realized as
the driving-point admittance of a network in the form of Fig. 1,
where X has a well-defined impedance and consists of only
springs, if and only if Y (s) can be written in the form of (4),
where Qi X2, (3, ,13\ s ‘/32, ,’33 N ,’3.1 Z 0, 1/V| . I’VQ, ”—2 Z 0, and
W2 = 4W,W2Ws, and the coefficients further satisfy the condition
of either Lemma 3.3 or Lemma 3.4.

Proof: Sufficiency. By Lemma 3.2, Y (s) can also be expressed
as (2), where R is defined in (3) and is non-negative definite, and the
non-negative coefficients i, az, ag, 51, 82, O3, and 34 satisfy (5).
Furthermore, by [6], if at least one of the first- or second-order minors
of R is zero, then there must exist an invertible D = diag{l,r,y}
such that DRD is a paramount matrix if the condition of Lemma 3.3
is also satisfied. Finally, by Lemma 3.1, the sufficiency part is proven.

Necessity: By Lemma 3.1, Y (s) can be written in the form of
(2) where 2 as defined in (3) is non-negative definite. Then, it is
obvious that Y'(s) can also be expressed as (4) with the coefficients
defined in (5), which indicates that o, o, s, 1. 82, 35,84 > 0,
Wi, W, Wy > 0, and W2 = AW, W, Wy, Then, we can conclude
that the condition of either Lemma 3.3 or Lemma 3.4 is satisfied. ®

Now we are focusing on the realization of admittance (1). First, it is
necessary to show the positive-realness of admittance (1).

Lemma 3.5: [7], [19] A real-rational function ¥ (s) in the form of
(1) with ag,a1.do.d1 > 0 and & > 0 is positive-real if and only if
apdy —ardo > 0,00 —do > 0,and a; — d; > 0.

As defined in Section I, R, = (ay —do)* —(apdy —a1do) (a1 —dy)
is the resultant between the numerator and denominator of Y (s). It is

> (VV/(QW])), o] > (VV/(‘_)VVQ)), Q>
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known that R, = 0 if and only if a positive-real Y (s) in the form of
(1) can be written in the form

. as+1
Y(s) =k st D) (6)
where ¢ > 0,d > 0,and ¢ — d > 0 [9]. Therefore, we have the
following theorem.

Theorem 3.2: Consider a positive-real function (1), where
(1,07(L|,d(],(1| Z 0 and k& > 0. If Rk = (y(l,[] — d(])z — ((lod| —
aido)(ay — d;) = 0, then it can be realized with at most one damper
and two springs.

Proof: From the discussion above, it is known that if B = 0,
then Y (s) can be written as (6), where @ > 0,d > 0,anda — d > 0.
Furthermore, it is obvious that Y (s) = k/s + k(a — d)/{ds + 1),
which is a realization of at most one damper and two springs. ]

From Theorem 3.2, we see that in order to investigate the realiz-
ability conditions of (1), it is only necessary to consider the case when
R;, # 0. Then, the next theorem presents the realizability condition for
admittance (1) to be realized in the form of Fig. 1.

Theorem 3.3: Consider a positive-real function

R aps® +ais+1
Y(s) = ko Tt
s(dos? +dis+1)
where ao,dl.(lmdl 2 O, k > 0 and Rk = ((10 — (Io )2 — ((lodl —
ardo)(ar — d1) # 0. It can be realized as the driving-point admit-
tance of a network in the form of Fig. 1, where X has a well-defined
impedance and consists of only springs, if and only if

2
dj

>
((l,od| —(L|do)((ly| —d|) - 1

0

or

(Lodl — (leo = 0 (8)

Proof: Necessity. By Theorem 3.1, it is known that Y (s)
in the form of (1) with %z # 0 can be expressed as (4) with

For the first case, the coefficients in (4) can be regarded as follows:

do p (11 y 1
=—, fo=—, 3 ==
=g = O

a3 =0, as=ao, a1 =ar, J1=0, 33

which are all non-negative. Furthermore, W? = 4, W.W; yields
(®).

For the second case, multiplying the common factor (1's 4 1), the
coefficients in (4) can be regarded as

3 IaoT, 2 = dg =+ alT‘ &1 = d1 =+ T. j34 = %.
35 = M 3 = (dl};T) 31 = % T>0.  (10)

MOI‘COVGI‘, VVQ = 4‘“‘/’1 TVZ I'Vg yields (\(l L— dl )1_2 — (aodl —a 1(10) =
0. If a3 = d;, then we have agd; = ai1dg, which is the condition
derived in the first case. If a1 # di, then apdi # a1dy must hold,
which reduces the positive-realness condition to apd; — a1dy > 0,
aop —dop > 0,and @y — d, > 0, indicating that ap, @\, d, > 0 and
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do > 0. Hence «, a2, 3. 31, 32,35 > 0, and 34 > 0. Besides, T
can be expressed as

T =4/ M. (11)
a1 — (]1
It can be calculated that W, = a7? + nET + aga; > 0,

Wo = (((l| —d, )T-|—((L(] —(lo))/k >0, Wi = ((L| —d, )/A > 0,/3| —
‘1—/(2“’1) = (((Ll —|— dl )TQ —|— 2(11d1T -|— ((Lodl-|—a1 (Z[) ))/(21\(11 (T2 —|—
arT 4+ a0)) > 0, ar — W/2W2) = ((ay — d)T? + 2(ap —
do)T+(aodr — a1do))/(2((ar — d)T + (a0 — do))) > 0,
ay — W/(2Ws) = (aido — aodi)/{er — d1) < (. Thus,
the condition of Lemma 3.3 cannot be satisfied, which indi-
cates that the condition of Lemma 3.4 must hold. We see that
W = 2([1('\/((1,0(11 — (11(10,)((1'1 — dl) =+ (k(l,o — (lo))/k > 0. Con-
sequently, we conclude that only the third condition of Lemma 3.4
holds. Thus, it follows that 34 + 135 + a3 — @282 > (. Since
the equation J4 + 183 + agfi — anfe =2 \/ao(ll —ar1do(do —
V{agdy — a1do)(ay — dq))/(kv/a1 — dyi) holds, we can obtain (7).

Sufficiency: When (8) is satisfied, express Y'(s) in the form of
(4) with the coefficients oy, a2, a3, 31, 32, 33, 541 satisfying (9), in-
dicating that they are all non-negative and the condition of Lemma
3.3 must be satisfied. The positive-realness of Y (s) guarantees that
Wi, Wo, W5 > 0, and W2 = 4W, W, W5 holds because of apdi —
ardy = 0.

When (7) is satisfied, combining with the positive-realness of ¥ (s),
we conclude that ag, a;. do.d; > 0. Multiply the numerator and the
denominator of (1) by a common factor (7's+1) simultaneously, where
T is defined in (11), then Y (s) can be expressed as (4) with the coef-
ficients satisfying (10), which are all positive. From the necessity part
of the proof, the condition of Lemma 3.2 and the third condition of
Lemma 3.4 hold. Thus, by Theorem 3.1, Y(s) can be realized by the
required network of this theorem. ]

We now provide explicit network constructions that will satisfy the
realizability conditions. We treat the two conditions (7) and (8) of The-
orem 3.3 in Theorems 3.4 and 3.5, respectively.

Theorem 3.4 Consider a positive-real function Y () in the form of
(1) where an, ay, do, d Z 0, k> 0, and Rk = ((l[) —dp )2 — ((lod| —
aido)(ay —di) # 0. If condition (7) holds, then Y (s) can be realized
as in Fig. 2 with

. kaodi{aodi —aido) [(a1 —d1)T+ (ao—do)]
! " do(ay —dy) (da T Hdy) [(ag—do)T+(aodr —ado)]’
kagard T [(a) —d YT+ (ao—do)]”
(a1 —d ) (d1T4do) [(ag —do YT+ (agdy —ardy)]?”
_ kaoT [(a1 —d )T+ (ap—dy)]
T (i THdo) [(a0 —do) T +(aod, —a,do)]’
Jy— kaoT [doT+ (a1do —aody)] [(a1 —d1)T+ (a0 —do)]
(d\T+do) [(a0 —d) T+ (aod, —a do)]”
he ka2 (aody —aido) [(ar—d )T+ (a0 —do)]
(a1 —d)) [(a0—do)T+(aod, —a,do)]”
e Ladd? (aod) —aydo) [(ar —d )T+ (a0 —do)]?
(a1 —d1)2(di T+do)? [(a0 —do)TH aods —ayrdo)]®

kz =

k 3

(12)

where T is defined in (11).
Proof: This theorem can be proven by [6, Lemma 4, Theorem 7]
and the sufficiency part of Theorem 3.3. u
Theorem 3.5: Consider a positive-real function Y (s) in the form of
(1) where ag, a1, do. dy > 0,k > 0, and By, := (ag — do)? — (apdy —
a1do)(a1 — dy) # 0. If condition (8) holds, then Y () can be realized
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ki
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ki br——

Fig. 2. Network realization of Theorem 3.4.

with at most one inerter, one damper, and two springs (values given in
the proof).

Proof: Sinceaod| = adq,itisimplied by Ry, # 0 thatao > do.
Ifapd) = aido and ap > do = 0, then d; = 0. Therefore, Y (s) =
kags + kay + k/s, which comprises one spring, one inerter and at
most one damper with the values being k&1 = &k > 0,6 = kag > 0,
and ¢ = kay > 0, respectively.

If agdy = a1dp and ay > do > O, then we have Y (s) = k/s +
1/(dos/(k(ao — do))+1/(k(ao — da)s + k(a1 — di))), which com-
prises two springs, one inerter, and at most one damper with the values
being ]{1 =k > 0, kz = I’G(\ao — do/)/do > 0, b= ]{((10 — do) > 0,
and ¢ = k(a1 — d1) > 0, respectively. [ |

IV. FINAL REALIZABILITY CONDITIONS

The results presented in previous sections are under the assumption
that X in Fig. 1 has a well-defined impedance since the result in [6] is
under this assumption as well as other results [5]. This section mainly
investigates the realization problem of Y (s) when this constraint is
removed in order to solve the realization problem of Y (s) completely.

For any n-port network :V,, without levers (transformers), we can
formulate a graph G of .V, named augmented graph by letting each
element or each port correspond to an edge of a graph, and each velocity
node correspond to a vertex of the graph. Define the graph consisting of
all the edges corresponding to ports as port graph G,. G can always be
regarded as being connected, for otherwise we can obtain one by letting
one velocity node of a component be common with that of another.
Basic notions of graph theory are referred to [17].

Lemma 4.1: Consider an n-port network V,, consisting of at most
three kinds of elements, which are springs, dampers, and inerters. Then,
the impedance of network N, is not well-defined if and only if there
exists a cut-set of G as a subgraph of G,,.

Proof: Necessity. Assume that such cut-set does not exist. By [17,
p. 33], G, is made part of the complement of a tree of G. Then, from
[3], we see that 4, DAT is nonsingular and the impedance is of the
form Z = AL (A, DATY ™' Ay, where A = [A}, As] is the reduced
incidence matrix of G with the columns of 4; corresponding to the
elements and the columns of A, corresponding to the ports, and D
is the positive definite diagonal matrix whose diagonal entries are the
admittances of all the elements. This contradicts with the assumption.

Sufficiency: Assume that the impedance of N, exists, then
any ¥ = [Fi,F,...,F,]" vector is permitted. Since there is
a cut-set of G as a subgraph of G,, a constraint on the entries of
F= [Fl., Fz, e Fn]T is immediately obtained [17]. This contradicts
with the assumption. ]
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Fig. 3. General network discussed in Lemma 4.2, where b, ¢ > 0, and L has a
well-defined impedance and consists of only springs.

Lemma 4.2: Consider a positive-real function ¥'(s) in the form of
(1) with ap,a1.do,d1 > 0,and & > 0. Y (s) can be realized as the
admittance of a network /N as shown in Fig. 1 with the impedance of
X being not well-defined and its augmented graph § nonseparable, if
and only if it is the admittance of the network as shown in Fig. 3, where
L has a well-defined impedance, whose augmented graph is nonsepa-
rable, and consists of only springs.

Proof: Sufficiency. It is obvious that the network in Fig. 3 with the
augmented graph of L nonseparable is a special case of Fig. 1. Besides,
since it is obvious that the two edges of G,, corresponding to ports ter-
minated with the damper and the inerter constitute a cut-set, by Lemma
4.1 the impedance of X is not well-defined.

Necessity: Itis obvious that Z(s) = Y ~*(s) hasazeroats = 0.
By [18, Theorem 2], there must be a path (a2, ') consisting of only
springs, where ¢ and o’ are two terminals of V.

We will prove that the two edges of the port graph G, of X corre-
sponding to the ports terminated with the inerter and the damper consti-
tute a cut-set of the augmented graph . By Lemma 4.1, we know that
there must exist a cut-set among the three edges of G,,. It is shown in
[17, Theorem 3-3] that any nonseparable graph with at least two edges
must be cyclically connected, which means that any two vertices in G
can be placed in a circuit. Then, it implies that the number of edges
of any cut-set of G is at least two. Therefore, it suffices to show that
any such cut-set can never contain the edge ¢, that corresponds to the
only port of N whose two terminals are a and a’. Assume that there
exists such cut-set C among those three edges containing the edge e,
then by the property of the cut-set, C separates G into two parts, which
results in terminals @ and @’ located in each part. Then, all the paths
(@, a’) of the network in Fig. 1 must contain a damper, or an inerter, or
both, which contradicts with the conclusion stated at the beginning of
the necessity part.

Then, by the property of cut-set and the analysis of all the possible
cases, the network in Fig. 1 can always be equivalent to that in Fig. 3,
where L contains only springs. Since it has been shown that any cut-set
of G never contains e,,, we can prove that I must have a well-defined
impedance because no cut-set is contained in its port graph. ]

We now present a necessary and sufficient condition for any positive-
real function to be the admittance of the network in Fig. 3 in Lemma
4.4 based on Lemma 4.3. The realization is then given in Lemma 4.5.

lemma 4.3: Consider any 2 x 2 symmetric matrix ). If () is
non-negative definite, then there must exist an invertible matrix
D = diag{1, #} with 2 > 0 such that DQ)D is paramount.

Proof: This lemma can be easily proven by the definition of
paramountcy and the property of non-negative definiteness. ]

Lemma 4.4: A positive-real function Y (s) can be realized as the
driving-point admittance of a network in the form of Fig. 3, where L
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has a well-defined impedance and consists of only springs, if and only
if Y'(s) can be written in the form of

2
. ans” +wars+ 1

Y(s)= — — - 13
(b') ’D.;; 53 + a3 52 + 18 ( )
where s, 82,33 > 0 and «y, 51 > 0, and the coefficients satisfy
al,dl —_ /32 = (.

Proof: Necessity. The admittance of the network in Fig. 3 can be
calculated as

B _ (5) cPos® + (1) 5 + 1 "
o (2)(eP Py — cP})s? + (L) Pis? + Pis
where b, ¢ > 0, and
A P
P:= [P;; PJ (15)

is the impedance of L, which is paramount by [6]. Furthermore, (14)
can be expressed as

m stz +ms+1

Vi) = o (0102 — Q) +mQ 2+ Qs (16)
where rn = b/c, and @) is obtained through
e @s] VEN k-
Q._{QS QZ}_T{PB P]T a7

where T = diag{1./c}. Hence, () must be non-negative definite.
Letting ooy = m, w2 = mQ2, 51 = @, o = m@Q, and 3 =
m(Q1Qa — Q3), we have as, 31, 32,83 > 0,y > 0,and a3, =
82 = m(),. By the positive-realness of (7, 3; = 0 leadsto 32 = 73 =
0, which implies the nonexistence of Y (s). Then, we have 51 > 0.
Sufficiency: It suffices to show that ¥ (s) can be expressed as
(14), where b. ¢ > 0 and F as defined in (15) is paramount. Formulate
a function in the form of (16), wherem = o, Q1 = 31,Q2 = az /oy,
and Q3 = (a2 — 33)/a/, which must exist because the positive-re-
alness of Y (s) guarantees that o3, — J3 > 0. Consequently, it is
verified that ) as defined in (17) is non-negative definite. Further-
more, since o1 31 — J2 = () holds, it can be calculated that a; = mn,
as =mQy, 1 = Q1, fs = mQ1, and B3 = m(Q1Q» — @3) hold,
indicating that Y (s) can also be expressed as (16) with m > 0, and
( as defined in (17) being non-negative definite. By Lemma 4.3, there
must exist an invertible matrix D = diag{l,z}, where x > 0 such

that
P._P1P3_10Q1Q310
T _Pg .Pg - 0 =z Qg Qz 0 =z
is paramount. Therefore, we have @1 = P, Q2 = P/ 22, and Q3 =
Py /2, making (16) become

m (11—2) Ps?4+ms+1

Yis) = m ((L%) PP — (r%) P;Z) 4+ mPis24+ Ps

Letting ¢ = 1/4” and b = e gives (14), where b,¢ > 0 and P is
paramount. u
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Fig. 4. Network with .X not well-defined when expressed in the form of Fig. 1.

Lemma 4.5: Consider a positive-real function ¥ (s) in the form of
(1) with ag, a1, do,dy > 0,k > 0, and R;, # 0.Y () can be realized
as the driving-point admittance of a network as shown in Fig. 3, where
L has a well-defined impedance and consists of only springs, if and
only if a1 = di > (). Moreover, if the condition holds, then it can be
realized by the network shown in Fig. 4 with the values of the elements
given below

(a0 — do)kﬁ b= (a0 —do)k, o = (ao — do)k

do (5%

ki=k, ko = - (18)
Proof: The condition can be easily derived from Lemma 4.4. Fur-
thermore, the admittance of the network shown in Fig. 4 is calculated to
beY (5) = (be(k, +ho)s? F bk ko s+ek, 1{2)/(3(1)032 +bkas+cka)).
Substituting (18), whose values are non-negative, into the above equa-
tion results in (1) because of a1 = di > 0. Therefore, this lemma is
proven. [ |

Now, the final condition is presented in Theorem 4.1.

Theorem 4.1: Consider a positive-real function Y () in the form of
(1) where ag, ai.do.dy > 0,k > 0,and I := (a0 —do )2 — (aod; —
ardo) (a1 —d1) # 0.1t can be realized as the driving-point admittance
of a network consisting of one inerter, one damper, and an arbitrary
number of springs, that is, the network shown in Fig. 1, if and only if

(aody — ardo)(ay — d1) — dg < 0. (19)

Proof: Necessity. When X has a well-defined impedance, then
by Theorem 3.3 it implies (7) or (8), that is, d3 /[(aod) — aydo)(a; —
d1)] > 1 oraed; —aido = 0 holds. When X does not has a well-
defined impedance and its augmented graph G is nonseparable, then
by Lemma 4.5 we have a1 = d; > (). When X does not has a well-
defined impedance and its augmented graph G is separable, we can
always obtain an equivalent network N’ in the form of Fig. 1, which
satisfies either of the above two cases. Combining the above conditions,
we obtain (19).

Sufficiency: Since condition (19) holds, it implies that at least
one of the conditions of Theorem 3.3 and Lemma 4.5 must hold. Then,
admittance (1) can be realized by the required network by Theorem
3.4, Theorem 3.5, and Lemma 4.5. |

V. CONCLUSION

This note has studied a realization problem for one special class of
admittances, which is widely used in passive suspension design. The
number of inerters and dampers is restricted to one in each case and the
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number of the springs is arbitrary. To solve the problem, we first con-
verted a previous result by Chen and Smith [6] into a more direct form.
Then, a necessary and sufficient condition for realizability with the as-
sumption that the three-port network X consisting of only springs has
a well-defined impedance was derived. Furthermore, explicit circuit
arrangements were provided to cover the realizability conditions. Fur-
thermore, a relationship between the topological property of the n-port
network and the fact that its impedance is not well-defined was pro-
vided. Consequently, considering the property of this class of admit-
tance and the above relationship, we obtained an equivalent general
network when the impedance of X' is not well-defined through the use
of graph theory. Then, a necessary and sufficient condition for the real-
izability of this kind of networks was derived and a network construc-
tion covering this condition was presented. Finally, combining this con-
dition with the previous one yielded the final realization without any
assumption on the existence of a well-defined impedance.
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