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Fig. 3. PlantSystem portion of the Metamodel

ControllerSystem Fig. 4 shows the part of the language that describes the
controller subsystem. DigitalController is a model representing the algorithm

Fig. 4. ControllerSystem portion of the Metamodel

for controlling the networked plants. Similar to the model of the Plant in the
PlantSystem, the DigitalController is modeled as a LTI system and its dy-
namics can also be represented in the state space form of Eq. (1). Therefore, the
DigitalController parameters have similar attributes to the Plant. BilinearTrans-
formC' is similar to the BilinearTransformP described in the PlantSystem.
ZeroOrderHold represents a component that holds its input for the time period
specified in the sampling time attribute. Referencelnput represents the desired
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signal to be tracked by the plants.
Power Junction Fig. 5 shows the part of the language that describes the
power junction. The PowerJunction can contain ports for the connection of the
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Fig. 5. PowerJunction portion of the Metamodel

plants and controllers. They are briefly described as follows: PowerInputPower-
Output represents a port through which the PlantSystem connects to the Pow-
erJunction. Through it, the PowerJunction sends calculated control signals
to the PlantSystem and also receives sensor signals from the PlantSystem.
PowerOQutputPowerInput represents a port through which the ControllerSys-
tem can connect to the PowerJunction. Through it, the PowerJunction
sends the averaged sensor signal to the ControllerSystem and receives the
calculated control signal from the ControllerSystem.

WirelessNetwork Fig. 6 represents the network and its parameters for the
NCS. The WirelessNetwork model provides modifiable parameters for simu-

|-
WirelessNetwork
<<Model>>

DataRate - field
DisturbancePacketSize - field
DisturbancePeriod - field

Fig. 6. Wireless Network portion of the Metamodel

lation. Data rate sets the throughput for simulating network activity. Disturban-
cePacketSize configures the size of simulated disturbance attack packets on the
network (introduces delays). This provides a way for simulating the NCS under
non-optimal conditions. DisturbancePeriod configures the frequency of distur-
bance attacks on the network.

3.2 Language Aspects

Our modeling language has two aspects (GME aspects are similar to modeling
views in other tools): Control Design Aspect and Platform Aspect. The
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Control Design Aspect visualizes the controller modeling layer. This includes
the plants, controller, and power junction, as well as their interconnections —
indicating the flow of control and sensor signals.

The Platform Aspect visualizes the physical platform layer. This model view
shows the physical components of the NCS. The entities in this view include
the plants, controller, and the wireless network as well as their interconnections
indicating the flow of data packets over the network. Though the plants and
controller appear in both aspects, in the Platform aspect they represent physical
entities rather than control design concepts.

3.3 Structural Semantics

The main objective of our language design is to ensure the “correctness-by-
construction” for passive designs of NCS designed using PaNeCS. In order to
achieve this objective, we impose constraints on the properties of components
of NCS as well as their interconnections. The metamodel notations described
above does not capture all the required structural constraints. Using the Object
Constraint Language (OCL), we can describe well-formedness rules for defining
precise control of static semantics of the language. GME is embedded with an
OCL engine which can be used to define constraints that are enforced at design
time, giving direct feedback when the user attempts to create faulty connections
in the model or violates any of the specified constraints. In Section 4, we will
describe an analysis tool that is used to verify that system components satisfy
the component-level passivity constraints.

We implemented three classes of constraints: Cardinality Constraints, Con-
nection Constraints and Unique Name Constraints. Cardinality Constraints en-
sure that the required and correct number of components are used in the NCS
design. For example, for each PlantSystem model there must be one Plant.
Connection Constraints restrict the number of allowable connections between
components. For example, in the PlantSystem model there can be only one
bidirectional connection between the Plant and BilinearTransformP. Unique
Name Constraints ensure the uniqueness of the names of components in the
Plant and Controller subsystems as well as in the top level model of the NCS.

An example of an OCL constraint implementation is shown below. This spec-
ifies that the number of allowable connections from a BilinearTransformC model
to a DigitalController to be one.

Description: There must be only one bidirectional connection
between BilinearTransformC to the DigitalController

Equation: let dstCount =
self . attachingConnections(” src”,Controller_Bilinear)—>size in
dstCount <> 0 implies dstCount = 1
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3.4 Operational Semantics

NCS modeled in PaNeCS are implemented in MATLAB/Simulink using models
generated by an integrated code generator which is discussed in Section 5.

The Plant and DigitalController entities are implemented as Simulink blocks
that model the behavior of each entity based on user-specified parameters. The
PlantSystem and ControllerSystem are modeled as Simulink subsystems.
In order to model the behavior of a real network, Simulink is extended with
TrueTime as described previously.

Each PlantSystem and ControllerSystem are connected to a TrueTime
Kernel block. The TrueTime Kernel essentially represents each subsystem as
a node in the network. It is responsible for I/O and network data acquisition
as well as implementing other user-defined tasks, and models the computer or
processor on which the subsystem is implemented. The task in each TrueTime
kernel connected to a PlantSystem is performed periodically based on the
specified sampling time of the subsystem. For this version of our language, the
PowerJunction is implemented as a task in the TrueTime Kernel connected to
the ControllerSystem. The task that implements the power junction operates
based on the occurrence of an event such as the arrival of sensor data or control
signal. Each TrueTime kernel has two main scripts: 1) The Initialization script
specifies the number of inputs and outputs, the function code name and also
indicates the kernel’s node id which is used to identify the kernel on the net-
work. 2) The function script essentially implements the user specified task such
as sending and receiving of wave variables over a network. The function code for
the TrueTime kernel connected to the ControllerSystem also performs the ad-
ditional task of implementing the PowerJunction. Hence, the PowerJunction
sends and receives wave variables from the ControllerSystem locally while the
PlantSystem sends and receives wave variables from the power junction over
the simulated wireless network.

The wireless network is implemented using the TrueTime Wireless network
block. It simulates the network dynamics, implementing the transfer of data
packets over a wireless network from one node to another. It essentially simulates
the routing of data received from the TrueTime kernels over the wireless network
to their respective destination.

In a typical cycle of operation of the NCS, the wave variables from a PlantSys-
tem or multiple PlantSystems are computed and sent to the PowerJunction
from each TrueTime kernel. The received wave variables are sent to the Con-
trollerSystem to compute the control signal which is then sent back to the
PlantSystems.

4 Passivity Analysis

4.1 Component Analysis

In order to achieve the desirable properties observed in passive systems, we have
to analyze the components of the networked control system and make sure they
satisfy passivity constraints.
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The analysis of the Plant and DigitalController components of the networked
control system for passivity is done automatically by an integrated Matlab anal-
ysis function. Each component is assumed to have a linear time-invariant (LTT)
discrete-time model, so we use LMIs together with the CVX semidefinite program-
ming tools for Matlab [14, 15]. On invocation (i.e. the modeler presses a button),
a C++ model interpreter within GME [13] visits each component, and invokes
the analysis function. Any components failing the passivity test are reported to
the user.

The dynamics of the Plant and DigitalController models can each be defined
by Eq.(1) and are characterized by the matrices A, B,C, D of size compatible
with the number of inputs and outputs in the system and the number of states
in the model. The passivity constraints for these models is defined by Linear
Matrix Inequality (LMI) constraints [16]. For example, a LMI formula for strict
output passivity for an LTI digital controller is given by

ATpA—-P—-Q ATPB-S <0
(ATPB-S)T —R+BTPB|

=cTQC, §$=C"S+CTQD @)
=D'QD+ (D*S+STD)+ R

m> ©>

1
EI€>0,Q=—€I,R:0,S:§I

The CVX semidefinite programming (SDP) tool is used in a Matlab script to
solve the LMI for each component.

4.2 System-Level Analysis

Due to the “correct-by-construction” approach we use in designing networked
control, we only analyze the Plant and DigitalController elements for passivity.
If the Plant and DigitalController both satisfy the passivity constraints, the
network control system as whole also satisfies the passivity principles.

The realization of the power junction element enforces some simple mathe-
matical constraints which ensure passivity for interconnected components at run-
time. These effects are also captured in the simulation of the power junction, so
simulation should reveal any destabilizing effects. Further, the component inter-
connections are restricted in such a way that they are “correct-by-construction”.
Only valid (parallel) connections are allowed to the power junction, so any inter-
connected system of passive components in the language will be globally passive.
The modeling language and its constraints encode the passive composition se-
mantics, greatly reducing the analysis burden for determining passivity (and
hence stability [6], [9], [17]) of the composed system design.
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5 Code Generation

The main objective of the code generator is to generate MATLAB code that
maps the models designed using the modeling language to Simulink models that
represent the networked control system.

We developed a model interpreter that is used to synthesize simulation code
from an instance model of the passivity based modeling language. The interpreter
is developed in C++ using the Builder Object Network (BON2) API provided
with GME [13]. The interpreter traverses all the entities of a particular networked
control system instance model and extracts model parameters. These parameters
and model structure are used to generate MATLAB files for configuring and
building Simulink and TrueTime models to simulate the NCS.

The model interpreter creates translation rules between models and desired
outputs. The entities in the instance model each map to a set of equivalently-
defined components in Simulink and components from an advanced Simulink
passivity-based control library. For example, the Plant and DigitalController
entities discussed in Section 3 each map to an equivalent discrete state-space
Simulink block. For these two entities the parameters for the equivalent Simulink
blocks are instantiated using the parameter values entered by the user describ-
ing the dynamics of the entities. These parameters include the A, B, C and D
matrices as well as the sampling time.

6 Case Study

We introduce a case study to demonstrate our design approach and also show
that networked control systems designed using this approach are robust and
remain stable when subject to uncertain network effects.

We created a networked control system which involves the control of two
discrete plants using a single controller. The controller controls the two discrete
plants to track a specified reference signal. The goal of the experiment was to
model the network control system and generate a simulation of the behavior
of the system. Although we used only two discrete plants for this case study,
PaNeCS can model and simulate an arbitrary number of plants.

Fig. 7a and 7b respectively show the control design and platform aspects
of the instance model respectively. Also, Fig. 7c shows the details of the plant
system while Fig. 7d show the details of the controller system. The two plants
modeled in the experiment are simple integrators (corresponding to physical
models of inertial masses of 2kg and .25kg respectively) which are discretized.
The plants’ dynamics were modeled in state space form and the corresponding
A, B, C and D matrices as well as the sampling time, T were provided as
parameters to the instance model.

We used a proportional controller as the digital controller to command the
plants to track a user-specified reference. The digital controller was also modeled
in state space form and the A, B, C and D matrices and also the sampling time,
T, were provided as input parameters to the instance model. The parameters for
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the dynamics of the plants and controller are provided in Table 1. The analysis
tool checked and verified that the Plant and DigitalController models satisfied
the passivity constraints. Then the code generator was used to generate code for
creating a platform-specific Simulink simulation model from the parameters and
design models in the modeling language.

PaNeCS provides the flexibility to easily model networked control systems
using passivity and more quickly configure the model parameters of the system
for many different adaptations. Using PaNeCs we tested the dynamics of the
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NCS by running different experiments under different network conditions by ad-
justing parameters in the language and then generating code for simulating each
configuration of the model. Table 2 shows the parameters for the simulations.

Experiment 1: Nominal Conditions In experiment 1, the system operated
without the introduction of disturbance attacks. The three sample periods con-
sidered were 0.1s, 0.5s and 1s. The data rates were achieved by modifying the
Sample, M parameters of the PassiveUpSampler and PassiveDownSampler enti-
ties. We only present plots for the results of the NCS having a sample period of
0.1s. Fig. 8 displays the velocity of the plants and the reference velocity provided
to the controller. The plants closely tracked the reference velocity. The round
trip delay for each plant seemed to have very little effect on the stability of the
plants’ velocity response. The delay can be attributed to the internal processing
of the plants and controllers rather than network delay itself.

Table 1. Plant and Controller Dynamics.
A B C D T
Plant1 1 1 .005.0025 .01s
Plant2 .996 1 .04 .02 .0ls
Controller 0 0 0 10w .ls
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Fig. 8. Nominal velocity response and time delays (Data rate=0.1s)

Experiment 2: Network disturbances In experiment 2, a disturbance attack
was introduced in the network. A disturbance node is configured using the Dis-
turbancePeriod and DisturbancePacketSize from the WirelessNetwork model.
Disturbance packets were sent over the network based on the value of a uniformly
generated random number. Similar to Experiment 1, three different sample rates
were tested, but we only present the results for the 0.1s sample period. Fig. 9
shows the velocity response of the plants and the time delay for each plant. The
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results show that even in the presence of disturbance attacks, the plants remain
stable in tracking the reference velocity. This demonstrates the advantage of the
passivity approach we use in designing networked control systems which guar-
antees the stability of the NCS in the presence of uncertainties due to network
effects.

Time Delay for Plant 1 with disturbance attack (Data rate=0.1s)

AL Reference Velocily ‘)[\N‘_\ 2 02
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o

Fig. 9. Velocity response and time delays with disturbance attack (Data rate=0.1s)

Table 2. Simulation Parameters Summary.

Sample Periods

0.01s 0.05s 0.1s
Plant1,M 10 50 100
Plant2, M 10 50 100

Disturbance Ts = 0.01 Packetsize = 110, 000bits

7 Conclusion and Future Work

Our model-based approach simplifies the process of designing passive networked
control systems. We presented PaNeCS, a prototype modeling language for that
purpose. We have presented an analysis tool that is used to test system com-
ponents for passivity. We have also described model interpreters that generate
code for simulation in MATLAB/Simulink using the TrueTime platform model-
ing toolbox. A case study involving the control of multiple discrete plants over
a wireless network was used to demonstrate the details of models generated us-
ing the modeling language as well as the resulting simulation of the generated
networked control system. The results showed that a networked control system
could be designed using our approach which is robust and insensitive to un-
certainties due to a few particular network effects. Our future work focuses on
two major directions: (i) extending the language to include nonlinear and more
complex systems, (ii) generating executables for deployment on actual systems.
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