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Outline
• Control System Toolbox (CST).

• LTI objects.

• Data encapsulation.

• Conversions between LTI model representations.

• Discrete-time LTI objects.

• Connections of LTI models.
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Preliminaries
A MATLAB Total Academic Headcount (TAH) License is 
available for all the students and employees of University 
of Padova.

The license allows to install a full copy of MATLAB and 
companion toolboxes on personally-owned computers.

Instructions for downloading and installing the software 
can be found here:
https://www.csia.unipd.it/servizi/servizi-utenti-
istituzionali/contratti-software-e-licenze/matlab
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https://www.csia.unipd.it/servizi/servizi-utenti-istituzionali/contratti-software-e-licenze/matlab
https://www.csia.unipd.it/servizi/servizi-utenti-istituzionali/contratti-software-e-licenze/matlab


Preliminaries
• MATLAB version used in this course: R2022b
• Required toolbox: Control System Toolbox
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Preliminaries
All the material presented in these notes is available 
as a MATLAB Live Script on Moodle.
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Control System Toolbox (CST)
The Control System Toolbox (CST) is a MATLAB 
toolbox conceived for the analysis, design and 
tuning of linear, time-invariant (LTI) control systems.

Only LTI systems are supported by CST; they can be

⤷ either SISO or MIMO; 

⤷ either continuous-time or discrete-time (but not 
“hybrid-time/sampled-data” or “multi-rate” !).
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LTI objects
CST uses data structures called LTI objects to store 
model-related data.

An LTI object is an object according to the common 
definition of the object-oriented programming (OOP) 
paradigm, i.e. a data structure that encapsulates both 
data and functions operating on such data(1).
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(1) C++ : member data / member function
Java : attribute / method
MATLAB : property / method



LTI objects
An LTI object can be defined starting from different 
representations of the same dynamical system. 

Accepted representations are:
1. Transfer function numerator / denominator (TF)
2. Transfer function zeros, poles and gain (ZPK)
3. State space model (SS)
4. Frequency response data (FRD)
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Continuous-time TF objects
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G(s) =
5s+ 50

s2 + 101s+ 100
= 5

s+ 10

(s+ 1)(s+ 100)

<latexit sha1_base64="HeeHvpn69Z+6yl1mYJku5bxJwrI="></latexit>

LTI model data in non-encapsulated form
(numerator and denominator polynomials)

LTI model data in encapsulated form
(LTI object – TF form)



Continuous-time TF objects
Data encapsulation:
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An LTI object encapsulates all the relevant 
information pertaining the representation 
(in a certain form) of an LTI model. 

Data fields can be accessed 
by using the “dot-notation”.



Continuous-time TF objects

Alternative: define the LTI object for the Laplace 
variable 𝑠, and use the operators +, ∗, / defined 
(i.e. overloaded) for the class of LTI objects.
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G(s) =
5s+ 50

s2 + 101s+ 100
= 5

s+ 10

(s+ 1)(s+ 100)

<latexit sha1_base64="HeeHvpn69Z+6yl1mYJku5bxJwrI="></latexit>



Continuous-time ZPK objects
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G(s) =
5s+ 50

s2 + 101s+ 100
= 5

s+ 10

(s+ 1)(s+ 100)

<latexit sha1_base64="HeeHvpn69Z+6yl1mYJku5bxJwrI="></latexit>

LTI model data in non-encapsulated form
(zeros, poles and gain)

LTI model data in encapsulated form
(LTI object – ZPK form)



Continuous-time SS objects
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G(s) =
5s+ 50

s2 + 101s+ 100
= 5

s+ 10

(s+ 1)(s+ 100)

<latexit sha1_base64="HeeHvpn69Z+6yl1mYJku5bxJwrI="></latexit>

A =


0 1

�100 �101

�
, B =


0
1

�

C =
⇥
50 5

⇤
, D = 0

<latexit sha1_base64="QaTWwdpNli4pjjPZclXUR+Fixpk="></latexit>

Possible state space realization
(in controllable canonical form)



Continuous-time SS objects
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A =


0 1

�100 �101

�
, B =


0
1

�

C =
⇥
50 5

⇤
, D = 0

<latexit sha1_base64="QaTWwdpNli4pjjPZclXUR+Fixpk="></latexit>

LTI model data in non-encapsulated form
(state space matrices)

LTI model data in encapsulated form
(LTI object – SS form)



Conversions between model 
representations (encapsulated form)
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TF 
object

ZPK 
object

SS 
object

zpk(⋯)

tf(⋯)

zp
k(
⋯
)

ss
(⋯
)

ss(⋯
)tf(⋯

)



Conversions between model 
representations (encapsulated form)
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zpk(⋯)

ss(⋯
)

Note: The state-space realization 
is selected by ss(⋯).
It is not necessarily a canonical 
realization (e.g. controllable, 
observable, modal).



Conversions between model 
representations (encapsulated form)
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tf(⋯)

ss
(⋯
)

Note: The state-space realization 
is selected by ss(⋯).
It is not necessarily a canonical 
realization (e.g. controllable, 
observable, modal).



Conversions between model 
representations (encapsulated form)
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zp
k(
⋯
)
tf(⋯

)



Conversions between model 
representations (non-encapsulated form)
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TF 
data

ZPK 
data

SS data

tf2zp(⋯)

zp2tf(⋯)

ss
2z
p(
⋯
)

zp
2s
s(
⋯
)

tf2ss(⋯
)

ss2tf(⋯
)



Conversions between model 
representations (non-encapsulated form)
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tf2zp(⋯)

tf2ss(⋯
)

Note: similar to a controllable 
canonical form, with the 
characteristic polynomial on the 
1st row of A (instead of last row).



Conversions between model 
representations (non-encapsulated form)
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zp2tf(⋯)

zp
2s
s(
⋯
)

Note: not a controllable 
canonical form.



Conversions between model 
representations (non-encapsulated form)
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ss
2z
p(
⋯
)

ss2tf(⋯
)



From encapsulated to 
non-encapsulated forms
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TF object ⟶ TF data ZPK object ⟶ ZPK data SS object ⟶ SS data

Note: for a SISO model, the ‘v’ 
option returns row vectors, instead 
of cell arrays.



Conversion between
state-space representations
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State 
transformation

<latexit sha1_base64="rFmbxns772EhqnT0SXd4joBJ0OI="></latexit>

⌃0 = (A0, B0, C 0, D0)

= (TAT�1, TB,CT�1, D)

<latexit sha1_base64="vUOdnNnzP0mL3TtNK+9FJs2Ajkw=">AAAB+3icbVDLSgMxFM3UV62vsS7dBItQoZQZKepGqNaFy4r2Ae1QMmmmDU0yQ5IRy9BfceNCEbf+iDv/xrSdhbYeuHA4517uvcePGFXacb6tzMrq2vpGdjO3tb2zu2fv55sqjCUmDRyyULZ9pAijgjQ01Yy0I0kQ9xlp+aPa1G89EqloKB70OCIeRwNBA4qRNlLPznfv6YAjeAmLV6XrUq10c9KzC07ZmQEuEzclBZCi3rO/uv0Qx5wIjRlSquM6kfYSJDXFjExy3ViRCOERGpCOoQJxorxkdvsEHhulD4NQmhIaztTfEwniSo25bzo50kO16E3F/7xOrIMLL6EiijUReL4oiBnUIZwGAftUEqzZ2BCEJTW3QjxEEmFt4sqZENzFl5dJ87TsnpWdu0qhWknjyIJDcASKwAXnoApuQR00AAZP4Bm8gjdrYr1Y79bHvDVjpTMH4A+szx9YQ5H/</latexit>

⌃ = (A,B,C,D)

<latexit sha1_base64="K1JKPl8tn1XadDizsy9hGR8V3VU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbRU9mVol6EghePFfoF7VKyabaNzSZLkpWWpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6G7mt56o0kyKupnE1I/wQLCQEWys1Byf39bRuFcsuWV3DrRKvIyUIEOtV/zq9iVJIioM4VjrjufGxk+xMoxwOi10E01jTEZ4QDuWChxR7afza6fozCp9FEplSxg0V39PpDjSehIFtjPCZqiXvZn4n9dJTHjjp0zEiaGCLBaFCUdGotnrqM8UJYZPLMFEMXsrIkOsMDE2oIINwVt+eZU0L8veVdl9qJSqlSyOPJzAKVyAB9dQhXuoQQMIPMIzvMKbI50X5935WLTmnGzmGP7A+fwBnhGOdQ==</latexit>

x0 = Tx



Discrete-time LTI objects
Discrete-time LTI objects are defined similarly to 
continuous-time objects (e.g. by using the tf, 
zpk, ss routines), but a sampling time 𝑇! > 0 
must be specified.
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Convention:

𝑇# > 0 ⇒ discrete-time model.

𝑇# = 0 ⇒ continuous-time model.

𝑇# = −1 ⇒ discrete-time model with “unspecified” sampling time.



Discrete-time TF objects
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H(z) =
5z � 1.5

z2 + 0.1z � 0.02
= 5

z � 0.3

(z � 0.1)(z + 0.2)
Ts = 1

<latexit sha1_base64="fX14QI4dmWsOoTnwgwJkgdRm1GA="></latexit>

LTI model data in non-encapsulated form
(numerator and denominator polynomials)

LTI model data in encapsulated form
(LTI object – TF form)



Discrete-time TF objects

Alternative: define the LTI object for the 𝒵-transform 
variable 𝑧, and use the operators +, ∗, / defined (i.e. 
overloaded) for the class of LTI objects.
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H(z) =
5z � 1.5

z2 + 0.1z � 0.02
= 5

z � 0.3

(z � 0.1)(z + 0.2)
Ts = 1

<latexit sha1_base64="fX14QI4dmWsOoTnwgwJkgdRm1GA="></latexit>
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Discrete-time ZPK objects
H(z) =

5z � 1.5

z2 + 0.1z � 0.02
= 5

z � 0.3

(z � 0.1)(z + 0.2)
Ts = 1

<latexit sha1_base64="fX14QI4dmWsOoTnwgwJkgdRm1GA="></latexit>

LTI model data in non-encapsulated form
(zeros, poles and gain)

LTI model data in encapsulated form
(LTI object – ZPK form)



Discrete-time SS objects
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Possible state space realization
(in controllable canonical form)

H(z) =
5z � 1.5

z2 + 0.1z � 0.02
= 5

z � 0.3

(z � 0.1)(z + 0.2)
Ts = 1

<latexit sha1_base64="fX14QI4dmWsOoTnwgwJkgdRm1GA="></latexit>

A =


0 1

�0.02 0.1

�
, B =


0
1

�

C =
⇥
�1.5 5

⇤
, D = 0

<latexit sha1_base64="8NSzHTBYtBMNgBO7eV3A5Sl+dIQ="></latexit>



Discrete-time SS objects

R. Antonello Introduction to the CST 29

LTI model data in non-encapsulated form
(state space matrices)

LTI model data in encapsulated form
(LTI object – SS form)

A =


0 1

�0.02 0.1

�
, B =


0
1

�

C =
⇥
�1.5 5

⇤
, D = 0

<latexit sha1_base64="8NSzHTBYtBMNgBO7eV3A5Sl+dIQ="></latexit>



Conversions between 
discrete-time LTI model representations

Conversions among discrete-time LTI model 
representations are performed similarly to 
continuous-time:

⤷ Encapsulated data: use tf, zpk, ss

⤷ Non-encapsulated data: use tf2zp, tf2ss, zp2ss, …
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Connections of LTI models
Consider the following two LTI models:
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G1(s) =
1

s(s+ 1)

<latexit sha1_base64="vJvRuTGGTVvVo2+TJLgoKQsss3M=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEFqFMpKILhYILXVawD2iHkkkzbWgmMyQZoQyDG3/FjQtF3PoV7vwb03YW2nrgwuGce7n3Hi/iTGnH+bZyS8srq2v59cLG5tb2jr2711RhLAltkJCHsu1hRTkTtKGZ5rQdSYoDj9OWN7qe+K0HKhULxb0eR9QN8EAwnxGsjdSzD256qKTK8Ap2fYlJgtJEldQJKqc9u+hUnCngIkEZKYIM9Z791e2HJA6o0IRjpTrIibSbYKkZ4TQtdGNFI0xGeEA7hgocUOUm0xdSeGyUPvRDaUpoOFV/TyQ4UGoceKYzwHqo5r2J+J/XibV/4SZMRLGmgswW+TGHOoSTPGCfSUo0HxuCiWTmVkiG2EShTWoFEwKaf3mRNE8rqFo5u6sWa5dZHHlwCI5ACSBwDmrgFtRBAxDwCJ7BK3iznqwX6936mLXmrGxmH/yB9fkDQEaVaw==</latexit>

G2(s) =
s+ 1

s+ 2

<latexit sha1_base64="Ff6AuLyqM7Lwyz1ym9J9umM3Lak=">AAACAnicbVDLSgMxFL1TX7W+Rl2Jm2ARKkKZKRVdKBRc6LKCfUA7DJk004ZmHiQZoQyDG3/FjQtF3PoV7vwb08dCWw/cy+Gce0nu8WLOpLKsbyO3tLyyupZfL2xsbm3vmLt7TRklgtAGiXgk2h6WlLOQNhRTnLZjQXHgcdryhtdjv/VAhWRReK9GMXUC3A+ZzwhWWnLNA3TjVkryBF2hri8wSeWpnelWyVyzaJWtCdAisWekCDPUXfOr24tIEtBQEY6l7NhWrJwUC8UIp1mhm0gaYzLEfdrRNMQBlU46OSFDx1rpIT8SukKFJurvjRQHUo4CT08GWA3kvDcW//M6ifIvnJSFcaJoSKYP+QlHKkLjPFCPCUoUH2mCiWD6r4gMsE5C6dQKOgR7/uRF0qyU7Wr57K5arF3O4sjDIRxBCWw4hxrcQh0aQOARnuEV3own48V4Nz6mozljtrMPf2B8/gA1mZVn</latexit>

u1 y1
G1(s)

u2 y2
G2(s)



Connections of LTI models
• Parallel connection:
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Gp(s) = G1(s) +G2(s) =
1

s(s+ 1)
+

s+ 1

s+ 2
=

s3 + 2s2 + 2s+ 2

s(s+ 1)(s+ 2)

<latexit sha1_base64="IsflhvyeDvNkxEAX58TBqknoWHg=">AAACUnicbVLLSgMxFE3rq9aqoy7dBIvQUigzY8WCCAUXdVnBPqCPIZNm2tDMgyQjlGG+URA3fogbF2qmHUVbL+Tm5Nx7SHISO2BUSF1/zWQ3Nre2d3K7+b3C/sGhdnTcEX7IMWljn/m8ZyNBGPVIW1LJSC/gBLk2I117dpvUu4+EC+p7D3IekKGLJh51KEZSUZZGm1ZQEmV4A5uWkYCKAuaSGTgc4ciII1ESFaMcw8rgOiXVWt EVM/5pE6MLpTXFyFxMSfoWqmSWY0sr6lV9EXAdGCkogjRalvY8GPs4dIknMUNC9A09kMMIcUkxI3F+EAoSIDxDE9JX0EMuEcNoYUkMzxUzho7P1fAkXLC/FRFyhZi7tup0kZyK1VpC/lfrh9KpDyPqBaEkHl5u5IQMSh8m/sIx5QRLNlcAYU7VWSGeIuWQVK+QVyYYq1deBx2zatSql/e1YqOe2pEDp+AMlIABrkAD3IEWaAMMnsAb+ACfmZfMe1b9kmVrNpNqTsCfyBa+AEp0q9s=</latexit>

u1 y1
G1(s)

G2(s)
u2 y2

y = y1 + y2u



Connections of LTI models
• Series connection:
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Gs(s) = G1(s)G2(s) =
⇠⇠⇠s+ 1

s⇠⇠⇠⇠(s+ 1)(s+ 2)
=

1

s(s+ 2)

<latexit sha1_base64="rZnPAjjBAeQgkrYC/unFpW+TFT0="></latexit>

u1 y1 = u2 y2
G2(s)G1(s)



Connections of LTI models
Note: use minreal (minimal realization of an LTI 
model) to simplify common factors between the 
numerator and denominator:
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u1 y1 = u2 y2
G2(s)G1(s)

Gs(s) = G1(s)G2(s) =
⇠⇠⇠s+ 1

s⇠⇠⇠⇠(s+ 1)(s+ 2)
=

1

s(s+ 2)

<latexit sha1_base64="rZnPAjjBAeQgkrYC/unFpW+TFT0="></latexit>



Connections of LTI models
• Feedback connection:
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G1(s)
u u1

G2(s)

≠
yy1

u2y2

Gf1(s) =

1

s(s+ 1)

1 +
1

s(s+ 2)

=
s+ 2

(s+ 1)3

<latexit sha1_base64="hwnWeDPoQ1iBureGSP6U0U5tCCs="></latexit>



Connections of LTI models
• Feedback connection:
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Gf2(s) =

1

s(s+ 2)

1 +
1

s(s+ 2)

=
1

(s+ 1)2

<latexit sha1_base64="oFNi91wFgA4SSrD8Ur+mE5PSVXo="></latexit>

y1 = u2 y2u

≠
u1 y

G2(s)G1(s)



Connections of LTI objects
Parallel, series and feedback routines also 
accept LTI models in non-encapsulated form:
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