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The novelty of this paper is a hybrid approach for modeling and implementing a real-time control
strategy of a dc Servomotor angular speed by using a sliding mode control module. The sliding
mode controller is embedded in an open-loop control system structure with a dc Buck converter to
stabilize and regulate the converter output voltage, despite the load current changes and unregulated
power supply input voltage. The motivation of this approach is that the most of the physical objects
from real life exhibit in a naturally way a hybrid structure, i.e. a switching continuous - discrete
variable structure over the time. In our proposed embedded control system structure it is the dc Buck
converter that exhibits a hybrid dynamics, modeled and implemented by using an academic
evaluation version of software package AnyLogic 6.7. In addition the proposed hybrid real time
control strategy proved their effectiveness among the formal languages, and through their use in
different real time control systems industrial applications.
Keywords: UML-RT; hybrid control systems dynamics; AnyLogic hybrid simulator multipleparadigm; sliding mode control; dc servomotor.

1. Introduction
Generally speaking a real time (RT) control system for it designs and implementation
deals with two main concepts: the critical time and the timing constraints. Critical time
constraints are associated with hard tasks, and the soft tasks are required to meet only the
time constraints. Furthermore a real-time operating system (RTOS) provides the real-time
system multitasking characteristics required for implementation: concurrency,
parallelism, scheduling, and inter-task communication mechanism [Gambier, (2004)].
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The integrated architectures of the control systems are more complex, mostly having an
embedded hybrid structure that requires a suitable modeling approach. In a simulation
environment frame we found that AnyLogic multi-paradigm simulator is one of these
suitable tools well documented in [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu
et al., (2015b)]. The choice of the right formalism language is a critical issue met in any
design and implementation of a highly complex control system that according to
[Gambier, (2004)], it has to be identified in the early modeling process stage. Nowadays,
the object-oriented (OO) modeling concept in software engineering, has become the most
suitable modeling approach on a large scale for the applications using real time control
systems [Selic and Rumbaugh (1998); Selic, (2000)]. Recently, the UML-RT becomes a
world industry leader in software engineering control systems modeling. Its notation is
useful to specify the requirements, document the structure, for object decomposition, as
well as to define interactions between objects in a software system [Selic and Rumbaugh
(1998); Selic, (2000)]. UML-RT is an extension of previous UML with additional
modeling concepts, such as capsules, ports, connectors and protocols. The capsule
represents the essential modeling block used in UML-RT. It is used to represent an active
object inside a control system which can communicate as interface objects with other
control system capsules or sub-capsules through ports [Selic, (2000)], [Tudoroiu, (2012);
Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]. Figure 1 shows an example of a
capsule structure diagram, represented in ROSE-RT editor, as in [Selic, (2000)],
[Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]. More specifically,
the UML-RT capsules are described using UML-RT graphical notations for class,
collaboration and structure diagrams.
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Fig. 1. Structure diagram with capsule composition, ports and protocol represented in Rose-RT editor
(Reproduced from [Tudoroiu, (2012)]).

Each capsule or sub-capsule behavior is specified through a state machine. The state
machine’s trigger events are defined by the pair (port, signal), and the resulting action can
be specified in Java code (AnyLogic) or other programming language. The ports are
capsule’s boundary objects through which the capsule can interact with its environment.
In addition, the capsule and its ports have the same lifetime, i.e. a port instance owned by
a capsule instance is created alongside with its capsule, and it is destroyed when its

UML-RT Hybrid Control Strategy Approach

63

capsule instance is destroyed [Selic, (2000)], [Tudoroiu, (2012); Tudoroiu et al., (2015a);
Tudoroiu et al., (2015b)]. Also, a connector is a communication channel that exchanges
the messages sent through the ports between parent and its immediate sub-capsules, as
well as between sub-capsules.
2. Dc to Dc Buck Converter Hybrid Model State-Space Representation
The dc to dc buck converter is a power electronic component consisting of several
switching electronic components, described by discontinuous differential equations, very
difficult to model [Biswal, (2011)], [Tudoroiu, (2012)]. A dc to dc buck converter used in
our research is a step-down dc converter, employed in a variety of industrial applications.
The dc input of the converter is an unregulated dc voltage u, converted in a smaller
regulated output voltage୭ , as shown in figure 2 [Biswal, (2011)], [Tudoroiu, (2012)].
In our experiment we use the dc to dc buck converter for simulation purpose, in order to
prove the effectiveness of modeling the hybrid structure of the control systems by using
the proposed hybrid simulator. Furthermore, the dc to dc buck converter is used to drive a
dc servomotor that is connected in a feedback control loop together with a sliding mode
control (SMC). For simulation purpose only two main variables are monitored in this
integrated structure, namely the motor angular speed ሺɘሻand its shaft angular
positionሺߠሺݐሻ ൌ ݀߱Ȁ݀ݐሻ. A hybrid system consists of two main dynamics parts, namely
a continuous part (System Dynamics), described by differential ordinary equations
(ODEs) implemented by using the stock flow modeling concept of system dynamics
(SD), known also as Forrester diagrams, and a discontinuous part that can be modeled
by using the Discrete Event (DE) concepts, more precisely statecharts and finite state
machines. We associate the operation modes to different states of the components of a
power electronics hybrid system.
In figure 2, the dc buck converter consists of a MOSFET transistor switch Q (୵ ሻ, a
freewheel diode D that reduces the dc component of voltage, and a low-pass filter that
removes the high-frequency switching harmonics. The SWITCH ୵ is controlled by a
binary periodic signal CLOCK (t), of period ܶ௦ , and ݐ ǡ ݐ representing the duration
times for which the function values are equal to 1, and respectively to 0 [Biswal, (2011)],
[Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]. The most
important requirement for a dc converter is its high efficiency. The dc buck converter is
equipped with a power MOSFET transistor and a diode. In addition, a trigger gate driver
circuit switches the transistor  between ୭୬ ୭ , representing the conducting,
respectively blocking states, commanded by a logic signal ߜሺݐሻ [Biswal, (2011)]. The
positive inductor current  ሺሻ flows through the MOSFET transistor, soߜሺݐሻ becomes
lower at time  ݐൌ ݐ , thus commanding MOSFET  to turn off. The inductor current
must continue to flow; consequently, ݅ ሺݐሻ forward biases the diode D, determining the
output drain voltage (voltage dropped on the diode D) to be approximately equal to zero.
Diode D conducts for the remainder of the switching period, such that the inductor
current ݅ ሺݐሻremains positive; the diode D that operates in this manner is called
freewheel diode.
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Since the dc buck converter output voltage ܸ ሺݐሻ is a function of the switch duty
cycle, a control system can be implemented to vary the duty cycle (D) and to make its
output voltage ܸ ሺݐሻin order to reach the value of a given reference voltage ܸ , as
shown in the same figure 2.
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Fig. 2. The closed-loop control design using a sliding mode control (SMC) strategy to regulate the output
voltage of the dc Buck converter (MULTISIM-11 and MICROSOFT VISIO design).

The both saturation (ܵ ) and blocking (ܵ ) states are simulated also using National
Instruments software MULTISIM-11, as is shown in Figure 3.
The switch position varies periodically, making the output switch voltage a
rectangular form wave, with period Ts and duty cycle 0 d D d 1 , representing the
fraction of time for which the switch is connected in position 1 [Biswal, (2011)],
[Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]. The switching
frequency ݂௦ ൌ ͳΤܶ௦ usually lies in the range 1 kHz to 1 MHz, depending on the speed of
the MOSFET devices. The output switch voltage waveform contains undesired
harmonics caused by the switching frequency that are removed without power dissipation
by LC low-pass filter section (assumed to be ideal), determining the continuous
component of the dc buck converter output voltageܸ௨௧ , to be effectively equal to that of
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the switch dc component [Biswal, (2011)], [Tudoroiu, (2012); Tudoroiu et al., (2015a);
Tudoroiu et al., (2015b)].
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Figure 3: 2N7000 n-channel enhancement mode MOSFET transistor switching states: saturation (a) and
blocking state (b)
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The corner frequency of LC low-pass filter ݂ ൌ ͳΤʹߨξ ܥܮis chosen to be
sufficiently less than the switching frequency݂௦ in order to pass only the dc component
of output switch voltage.
Concluding, the dc buck converter produces a dc output voltage controlled through
the duty cycle D by using circuit elements that in an ideal situation do not dissipate
energy [Biswal, (2011)], [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al.,
(2015b)]. In the next subsection we represent the time variable parameters hybrid
structure of the dc buck converter dynamics under sliding mode control (SMC) described
by a set of first order differential equations. The state machine of the dc buck converter
capsule passes through three main states during its dynamic evolution, assigned toܵ ,
ܵ , respectively ܵ , all these states being adapted to the overall control system design
requirements. Furthermore, theirs meaning is more comprehensible in the following
subsections where these states become visible in the statecharts. As input ports for dc
buck converter capsule is considered the output voltage error,ݔଵ ൌ ܸ െ ݒ and the
voltage error time variation, ݔଶ ൌ ݀ݔଵ Τ݀( ݐvoltage error dynamics) [Biswal, (2011)],
[Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)].
2.1. Dc to dc buck converter capsule dynamics in continuous control mode
operation (CCM)
x

The discrete state ܵ corresponds to the closed position of the switch ܵ௪ such
that the diode is staying reverse biased.

The dynamics of dc buck converter electrical circuit, without diode and with the switch
୵ set on closed position in Continuous Control Mode (CCM) operation is determined
by a current݅ flowing through the coil continuously and is described in state-space
representation by the following equations [Biswal, (2011)], [Tudoroiu, (2012); Tudoroiu
et al., (2015a); Tudoroiu et al., (2015b)]:
ͳ
ͳ
݀ݔଵ
ൌ െ ݔଶ   ݑൌ ܽଵଵ ݔଵ  ܽଵଶ ݔଶ  ܾଵ ݑ
ܮ
ܮ
݀ݐ
ௗ௫మ
ௗ௧

ଵ

ଵ



ோ

ൌ െ ݔଵ  െ

ݔଶ ൌ ܽଶଵ ݔଵ  ܽଶଶ ݔଶ  ܾଶ ݑሺͳሻ

 ݕൌ ݔଶ , ଵ ൌ  ǡ ଶ ൌ େ ǡ  ൌ  Ǥ
x

The state ܵ corresponds to an opening switch positionܵ௪ that determines the
inductor current ݅ ሺݐሻǡ whenever it is positive, to flow through the forward
biased diode D. Therefore, the diode can be replaced by a conductor of zero
resistance, becoming a short-circuited diode branch. In this case the switch and
so the power supply input source voltage, u, are short-circuited by the diode
branch, thus eliminated during dc analysis. Also, in our development we assume
an ideal case, ignoring completely the almost 0.7 V diode dropped voltage. 
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Furthermore, the state ୭ still remains in continuous control mode (CCM), such that its
hybrid structure dynamics can be described by similar first order differential equations
obtained by replacing in (1) u = 0 ( ୵ opened) [Biswal, (2011)], [Tudoroiu, (2012);
Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]:
݀ݔଵ
ͳ
ൌ െ ݔଶ ൌ ܽଵଵ ݔଵ  ܽଵଶ ݔଶ  ܾଵ ݑ
݀ݐ
ܮ
ௗ௫మ
ௗ௧

ଵ

ଵ



ோ

ൌ െ ݔଵ  െ

ݔଶ ൌ ܽଶଵ ݔଵ  ܽଶଶ ݔଶ 

(2)

 ݕൌ ݔଶ , ଵ ൌ  ǡ ଶ ൌ େ ǡ  ൌ ͲǤ

2.2. Dc to dc buck converter capsule dynamics in discontinuous control mode
operation (DCM)
x

The state ܵ occurs when the switch is set in switch-off mode and݅  Ͳ
monotonically decreases due to the self-induction effect; also, the capacitor
voltage ݒ increases since the capacitor is in charging cycle [Biswal, (2011)],
[Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)].
Moreover, if the time is long enough for the charging cycle, there exists a time
instant when the coil current is cancelled and the capacitor is trying
unsuccessfully to discharge through the diode, consequently݅ ൌ Ͳ.

The dynamics of the hybrid discrete structure in discontinuous control mode
operation (DCM) is described by similar equations obtained by replacing u = 0
(୵ opened) in (1), and also݅ ൌ Ͳ:
݀ݔଵ
ൌ Ͳ ൌ ܽଵଵ ݔଵ  ܽଵଶ ݔଶ  ܾଵ ݑ
݀ݐ
ௗ௫మ
ௗ௧

ൌ െ

ଵ
ோ

ݔଶ ൌ ܽଶଵ ݔଵ  ܽଶଶ ݔଶ  ܾଶ ݑሺ͵ሻ

 ݕൌ ݔଶ , ݔଵ ൌ Ͳǡ ݔଶ ൌ ݒ ǡ  ݑൌ Ͳ.
An advantage of this description is the fact that the model of the first operation
modeܵ could be reused to determine the model for the other two operating
modes୭ ǡ   ܵ . AnyLogic Editor Properties offers this facility by
changing easily the trigger values u, and also ଵ Τ ൌ Ͳ [Tudoroiu, (2012); Tudoroiu et
al., (2015a); Tudoroiu et al., (2015b)].
2.3. Using AnyLogic hybrid simulator to model and implement the dc to dc buck
converter dynamics
The equations (1)-(3) describing the dynamics of the dc buck converter are in the
standard explicit form, easily to translate the right hand side of the differential equations
into AnyLogic Forrester diagrams. Also, the corresponding values of dc buck converter
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states are assigned into AnyLogic editor to the state actions. Closing, the hybrid state
transitions and the parameters of the statesܵ ǡ ܵ ǡ ܵ correspond to (CCM) and
(DCM) modes and are assigned to the transitions and parameters in AnyLogic hybrid
simulator in a straightforward way [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu
et al., (2015b)]. In our development we choose for dc buck converter capsule the
following statechart features (AnyLogic -Statechart Palette’s editor):
x

Entry actions:
ଵ

ଵ

ଵ





ோ

ܵ  െentry action: ܽଵଵ ൌ Ͳǡ ܽଵଶ ൌ െ ǡ ܽଶଵ ൌ െ ǡ ܽଶଶ ൌ െ
ͳ
ܮ

ͳ
ܥ

ܵ െ entry action: ܽଵଵ ൌ Ͳǡ ܽଵଶ ൌ െ ǡ ܽଶଵ ൌ െ ǡ ܽଶଶ ൌ െ
ܵ െ entry action:ܽଵଵ ൌ Ͳǡ ܽଵଶ ൌ Ͳǡ ܽଶଵ ൌ Ͳǡ ܽଶଶ ൌ െ
x

ଵ

ǡ ܾଵ ൌ ǡ ܾଶ ൌ Ͳ


ͳ
ǡ ܾ ൌ Ͳǡ ܾଶ ൌ Ͳ
ܴ ܥଵ

ͳ
ǡ ܾ ൌ Ͳǡ ܾଶ ൌ ͲǤ
ܴ ܥଵ

Triggered Transitions:

ܵ െ ܵ - Transition triggered timeout = ton
ܵ െ ܵ  - Transition triggered by timeout = Ts
ܵ െ ܵ - Transition triggered by condition:   Ͳ
ܵ െ ܵ - Transition triggered by timeout = Ts
In AnyLogic editor we model all these states by using Forrester diagram (SD part)
and Statechart (DE part), for the following values of the parameters [Tudoroiu, (2012);
Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]:
ܶ௦ ൌ ͲǤͲͲͳሾݏሿǡ ݐ ൌ ͲǤͶܶ௦ ǡ  ݑൌ ʹͶሾሿǡ ܴ ൌ ͺሾȳሿǡ  ܮൌ ͲǤͲͲͳ͵͵ሾܪሿǡ  ൌ ͲǤͲͲͲͳሾܨሿ,
corresponding to the tuning values for the electrical circuit shown in figure 2, with the dc
servomotor and the sliding mode control disconnected; the armature of the dc servomotor
is replaced by the ͺሾȳሿ resistance . The model and the simulation results are
presented in figures 4-5, for the both CCM statesܵ ǡ  ܵ .

UML-RT Hybrid Control Strategy Approach

69

Fig. 4. Forrester diagram of dc to dc buck converter model and statechart simulations-The hybrid structure is
in the first state, ܵ (Reproduced from [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)])
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Fig. 5. Forrester diagram of dc to dc Buck converter model and statechart simulations-The hybrid structure is in
the second state, ࡿࢌࢌ (Reproduced from [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]).

3. DC Servomotor Capsule Dynamics Modeling and Implementation - Anylogic
versus MATLAB/SIMULINK
The dc servomotor is mostly used as an actuator in feedback closed-loop control systems,
but in this research for simulation purposes it is design as a controlled plant. The main
goal of the overall proposed control strategy is to control its angular speed or its position,
or the both. Consequently, the dc servomotor component becomes a new capsule in the
hybrid control system with its integrated structure represented in figures 6-7. The links
between all three capsules (dc Servomotor, dc Buck converter and Controller block) in
the integrated structure are performed by mean of the input and output ports. Compared
to dc buck converter the dc servomotor capsule has only continuous dynamics. For
simulation purpose, in order to prove the effectiveness of our proposed hybrid control
strategy we investigate a 24 V dc servomotor with similar electrical and mechanical
characteristics as in [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al.,
(2015b)]:
-

మ

moment of inertia of the rotor:  ܬൌ ͲǤͲͲͳሾ

௦మ

ሿ
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damping ratio of the mechanical system:୫ ൌ ͲǤͲͳሾܰ݉ݏሿ

-

Fig. 6. The feedback closed-loop control system of the dc servomotor angular speed OMEGA (߱ሻ and angular
position THETA (ߠሻ- schematic diagram (Reproduced from [Tudoroiu, (2012)]).
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Fig. 7. UML – collaboration diagram represented in ROSE-RT editor (Reproduced from [Tudoroiu, (2012);
Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)])

-

electromotive force constant:  ୲ ൌ  ୣ ൌ ͲǤͲͷͳ [Nm/A]
motor electric resistance : Ra = 10 [ȍ]
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-

motor electric inductance :ܮ ൌ ͲǤͲͲͳሾܪሿ
the field-armature mutual inductance ܮ ൌ ͳǤͺሾܪሿ

-

initial speedɘ ൌ ͳሾ

୰ୟୢ
ୱ

ሿ,

closed enough to those derived by experiment from an actual motor in Carnegie Mellon's
control lab of the University Michigan [Tudoroiu, (2012)]. The equivalent electrical
schematic of the selected dc servomotor is presented in MULTISIM-11 as shown in
figure 8, and its SIMULINK model is also represented in figure 9.
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Fig. 8. The equivalent electrical schematic of dc servomotor designed in MULTISIM-11

Fig. 9. The SIMULINK model of the selected dc servomotor capsule

Furthermore, the simulation results of the SIMULINK model of dc servomotor dynamics
are shown in figures 10-12, and for simplicity model purpose it is assumed that the rotor
and the shaft of dc servomotor are rigid.
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Fig. 10. The dc servomotor speed response - SIMULINK simulation results
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Fig.11.The dc servomotor armature current - SIMULINK simulation results

The dynamics of the dc servomotor capsule is described by following differential
equations [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)])
:
ܬ

ௗమఏ
ௗ௧ మ

 ܤ

ௗூೌ

ௗఏ
ௗ௧

ൌ ݇௧ ܫ െ ܶ
ௗఏ

(4)

ܮ
 ܴ ܫ ൌ ܸଵ െ ݇ .
ௗ௧
ௗ௧
where ܶ ൌ ݇௧ ܫ is the torque generated by the dc servomotor,ܶ is the torque load, and
ௗఏ
݁ ൌ ݇ ൌ ݇ ߱ is the counter electromotive force (cef) of the dc servomotor, ୣ
ௗ௧
representing the counter electromotive force coefficient.
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The motor torque Te
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Fig. 12. The dc servomotor motor torque SIMULINK simulation results
ௗఏ

By replacing ߱ ൌ in previous equations (4) that represents the link between angular
ௗ௧
speed (ɘሻ and angular positionሺɅሻ, the dc servomotor dynamics is described by a
standard second order differential equation:
ௗమఠ

ܮܬ

ௗ௧ మ

where

 ʹߞ߱

ோೌ  ାమ

 ݕൌ ߱ǡ  ݑൌ ܸଵ ǡ ߱ ൌ ට

ೌ

ௗఠ
ௗ௧

ǡߞ ൌ

 ߱ଶ ߱ ൌ ݇ ݑ
 ೌ ାோೌ

ଶටೌ ሺோೌ  ାమ ሻ

ǡ ݇ ൌ

(5)

ೌ

,

(6)

- ߱ represent the natural frequency of the free oscillations, Ƀ the damping factor, and
 ୫ is the dc servomotor gain.
Using the set up numerical values of electrical and mechanical parameters of our
proposed dc servomotor machine we get the following dc servomotor transfer function
representation:
ܪሺݏሻ ൌ



మ
௦ మ ାଶఠ ௦ାఠ

ൌ

ሺ௦ሻ

ሺ௦ሻ

ൌ

ହଵ

௦ మ ାଵଵ௦ାଵଶ

(7)

where  ݏrepresents the equivalent of the derivative operator in complex domain, and
ܷሺݏሻǡ ܻሺݏሻ represent the Laplace images of ሺሻ (input voltage) and ݕሺݐሻ (output
voltage), respectively. In MATLAB simulations environment the equation (5) is modeled
by using MATLAB step function provided by CONTROL SYSTEMS MATLAB
TOOLBOX. The simulation results are shown in figure 13 for dc servomotor angular
speed, that are closed enough with those obtained in SIMULINK simulations, depicted in
figure 10. We can see easily that the steady state value of the dc servomotor angular
speed is approximately 12 [rad/s] in the both cases.
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Dc Motor Step Response
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Fig. 13. The dc servomotor speed step response MATLAB simulation results

For comparison purpose we show also the simulation results of the dc servomotor capsule
step response in AnyLogic hybrid simulator, such as shown in figure 14, based on the
dynamics described by (5), (7) or (8), written in a state-space representation:
ௗ௫భ
ൌ ݔଶ
ௗ௫మ

ௗ௧

ଶ
ൌ െ߱
ݔଵ െ ʹߞ߱ ݔଶ  ݇ ݑ
ௗ௧
݀߱
ݔଵ ൌ ߱ǡ ݔଶ ൌ
ǡ  ݕൌ ݔଵ
݀ݐ

(8)

Fig. 14. Forrester diagram (dynamic model) of dc servomotor angular speed simulation results in AnyLogic
hybrid simulator (PLE free evaluation version snapshot)
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4. Integrated Capsules Structure - Model Dynamics and Implementation using
Anylogic Hybrid Simulator
The dc servomotor capsule is embedded in open-loop control structure together with a dc
buck converter capsule that provides a regulated input voltage. The dc servomotor has
good speed control response, extensive control range, mainly used in speed control
systems that need high control design requirements. To control the speed smoothly, the
technique mostly used is to adjust the motor armature voltage [Tudoroiu, (2012);
Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]. One of the most common methods
used to drive a dc servomotor is to use the PWM signals with respect to dc servomotor
input voltage, but the basic hard switching strategy causes unsatisfactory dynamic
behaviour since the resulting trajectories reveal a very noisy shape [Tudoroiu, (2012);
Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]. Consequently, this technique might
cause large forces acting on the servomotor mechanics. Also, large currents (faulty
currents) destructively stress the electronic components of the dc servomotor, and high
failure risks of power supply possibly will take place.
The simplified model of the overall control system loop consisting of dc buckconverter driven a dc servomotor is shown in figure 15 [Tudoroiu, (2012); Tudoroiu et
al., (2015a); Tudoroiu et al., (2015b)]. In this schematic, the switching devices have been
replaced by an ideally switched voltage source, indicated by the multiplication of the
input voltage source u with the switching variable ߜ, and also for consistency of our
notation it will be considered the duty cycle variable D. The dc servomotor can be
modeled by an inductance La (with ohmic resistance Ra) and an electromagnetic voltage
source (electromotive force, emf). An input voltage u that equals the maxim voltage of
the dc servomotor is also considered. The dc servomotor component of the control loop
under our considerations is assumed to act on a generic manipulator robot arm.
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Fig. 15. The schematic of dc buck converter driving a dc servomotor (Multisim-11 Simulation Tool,
Reproduced from [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)])
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In addition, the values of dc buck converter parameters are the same as those used in
the previous simulations or preliminary results (performed in AnyLogic environment)
[Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)] , namely:
x
x
x

Low pass filter parameters: L = 0.133 [H], C = 200 [μ F], u (Vg) = 24 [V],
Converter switching period Ts = 0.001[ s], ton = 0.0004 [s],
Duty cycle D = 0.4.

The emerged dc to dc buck converter dynamics is described by the following
equations:
݀ݔଵ
ͳ
ͳ
ൌ െ ݔଶ  ݑܦሺݐሻ
݀ݐ
ܮ
ܮ
ௗ௫మ
ௗ௧

ଵ

ଵ





ൌ ݔଵ  െ ݅ 

(9)

 ݕൌ ݔଶ , ଵ ൌ  ǡ ଶ ൌ େ ǡ  ܦൌ ୱ Ǥ
where ݅ is the armature current value of the dc servomotor.
It is worth also to mention that in all our simulations the load dc servomotor torque TL
is considered applied as a series input disturbance to the dc servomotor actuator block.
This assumption is useful to create one of the control event scenario for proposed dc
servomotor functionality by generating the HALT state, related to situation when the dc
servomotor torque developed to the shaft Te is smaller than load torque TL.
The dynamics of the hybrid structure will be given by the same set of differential
equations (2)-(4) completed with the dc servomotor dynamics, as following [Tudoroiu,
(2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]:
x

ܵ dc to dc buck converter equations (1) and,
݀ݔଷ
ൌ ݔସ 
݀ݐ
ௗ௫

ଶ
 ௗ௧ర ൌ െ߱
ݔଷ െ ʹߞ߱ ݔସ  ݇ ݑሺͳͲሻ

ݔଷ ൌ ߱ǡ ݔସ ൌ
x

ௗ௧

ǡ  ݕൌ ݔଷ Ǥ

ܵ  dc to dc buck converter equations (2) and,

ௗ௫ర
ௗ௧

݀ݔଷ
ൌ ݔସ
݀ݐ
ଶ
ൌ െ߱
ݔଷ െ ʹߞ߱ ݔସ  ݇ ݑ

ݔଷ ൌ ߱ǡ ݔସ ൌ
x

ௗఠ

ௗఠ
ௗ௧

ǡ  ݕൌ ݔଷ .

     ሺ͵ሻǡ
݀ݔଷ
ൌ ݔସ
݀ݐ

(11)
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ௗ௫ర
ௗ௧

ଶ
ൌ െ߱
ݔଷ െ ʹߞ߱ ݔସ  ݇ ݑ

ݔଷ ൌ ߱ǡ ݔସ ൌ

ௗఠ
ௗ௧

(12)

ǡ  ݕൌ ݔଷ .

where ɘ୬ ǡ and Ƀ are given by (6).
For this combined system structure (dc buck converter - dc servomotor) the event
transitions from one state to another state could be built by using trigger events driven
byݑଵ ǡ ݔଵ . The hybrid integrated structure of these two capsules is described by similar
entry actions and triggered transitions as for dc to dc buck converter, developed in second
chapter. The hybrid model and the system response simulation results in AnyLogic
hybrid simulator for the combined structure and no-load conditions (TL = 0) are shown in
figure 16, where for readability purpose we show the AnyLogic model and the
simulations results separately. In the Editor statechart are shown on the same diagram the
dc servomotor speed response,ɘ the dc servomotor current,୫ and Low Pass Filter output
voltage. This diagram and the experimental setup reveal that the no-load dc servomotor
speed reaches steady-state value (100 rad/s) very fast (almost 2 seconds rise time, and 4
seconds settling time) without oscillations or overshoot, so a very good performance
[Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)].
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Fig. 16. Combined buck converter and dc servomotor open-loop control system model and system response simulation results in AnyLogic 6.7 University (Free evaluation version) - Hybrid approach (no-load case, TL = 0
Nm, (Reproduced from [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]).

The load effect can be seen in figure 17, for TL = 0.1Nm. The simulation results reveal
that the dc servomotor speed becomes negative; perhaps the motor torque (Te) is less
than load torque (TL).

Figure 17: The load effect of the combined Buck converter and dc servomotor open-loop control system simulations results in AnyLogic6 hybrid simulator (TL = 0.5 [Nm], (Reproduced from [Tudoroiu, (2012);
Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]).

Closing, for an embedded open-loop control structure (dc buck converter – dc
servomotor) during modelling phase it must be implemented all the situations possible, so
we have to enlarge the number of discrete event states from three to seven, three states
for dc buck converter (୭୬ ǡ ୭ ǡ ୬ୡ ) and four states for dc servomotor (STOP, START,

80

Roxana-Elena Tudoroiu et al.

HALT, FAIL), defined as follows [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu
et al., (2015b)]:
START – is the normal working state of the dc servomotor under nominal conditions
(no-load nominal speed, nominal current and power supply voltage as well as the active
power absorbed)
STOP – is the rest position state of the dc servomotor
HALT – is the state that occurs when the servomotor torque is less than load torque, Te <
TL . This could be a dangerous situation since the current could build up in the coils
(armature, stator) that can damage the dc servomotor. Usually in this situation the motor
has to be rapidly disconnected from the power supply source, so the motor passes in
STOP state.
FAIL – is an abnormal situation created by the excessive increasing of the dc servomotor
current or viscous friction in the servomotor bearings (current and friction faults).
4.1. RT combined structure control strategy of angular speed and dc servomotor
position in open-loop-hybrid approach
The dynamic equations of each possible discrete state (୭୬ ǡ ୭ ǡ ୬ୡ ) of the hybrid
combined structure will be completed with a new differential first order equation that
relates the servomotor speed (ɘ) and its shaft position (Ʌ) [Tudoroiu, (2012); Tudoroiu et
al., (2015a); Tudoroiu et al., (2015b)]:
ௗఏ
߱ൌ
(13)
ௗ௧

The model implemented in AnyLogic and the system response simulation results are
shown in figure 18. Due to the fact that the angular speed becomes constant very fast, and
also it is positive, the position will be linear monotonically increasing. The dc
servomotor is also loaded, assuming a load torque TL = 0.001 [Nm] [Tudoroiu, (2012);
Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)].
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Fig. 18: Open-loop dc servomotor angular speed (red curve) and its corresponding angular position (blue line)
in the embedded structure (Reproduced from [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al.,
(2015b)]).

5. Sliding Mode Control
In a hybrid control system approach, described by a switching dynamics between three
states (୭୬ ǡ ୭ ǡ ୬ୡ ), a sliding mode control (SMC) strategy is more suitable to perform
better than a standard PID control strategy. This is a natural way approach, taking into
consideration the particular dynamics captured by the hybrid control system. Compared
to another control strategies, the sliding mode control (SMC) is more robust, very easy to
implement, performs with a good dynamic response and stability due to its robustness to
parameters changes [Biswal, (2011)], [Tudoroiu, (2012)]. The basic idea of sliding mode
control (SMC), as shown in figures 19-20, resides in designing firstly of a sliding surface
in state-space, and then to design a control law through the system state trajectory starting
from any arbitrary initial state to reach the sliding surface in finite time, and finally it
should converge to an equilibrium point (usually, the origin point of the phase plane)
[Biswal, (2011)], [Tudoroiu, (2012)].
Therefore the existence, stability and hitting condition are three factors for the
stability of sliding mode control (SMC). The basic principle of the sliding mode control
is well documented in [Biswal, (2011)], [Tudoroiu, (2012)], and depicted with additional
details in figure 19, to have a good insight of the phenomenon involved in switching
dynamics of this particular control system strategy.
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Fig. 19. Switching dynamics represented in phase plane for: (a) ideal sliding mode control and (b) practical
sliding control mode (Reproduced from [Biswal, (2011)], [Tudoroiu, (2012)])

In figure 19 x1 represents the voltage and x2 is the voltage rate, and the plane
delimited by these two phase variables is known as the phase plane.
In this plane (x1, x2), S(x1, x2, t) = 0 represents the sliding surface, and the sliding line
divides the phase plane into two regions, specified each one with its own switching state
[Biswal, (2011)], [Tudoroiu, (2012)]. When the trajectory converges to the system
equilibrium point, as a solution of the following equations:
݀ݔଵ
ൌͲ
݀ݐ
ௗ௫మ
ௗ௧

ൌͲ

ݔଶ ൌ 

where

ௗ௫భ
ௗ௧

(14)
.

and the system is considered stable, otherwise is unstable (divergent). Also, if the
hysteresis band around the sliding line becomes zero, then the system is operating with
an ideal SMC, but in reality this situation never happens to be achieved, the control
system having a finite switching frequency [Biswal, (2011)], [Tudoroiu, (2012)]:
ଵ
݂௦ ൌ Ǥ
(15)
்ೞ

To control the angular speed or the angular position of the dc servomotor firstly it must to
design a closed-control loop by using a SMC strategy, as those shown in figure 2. The dc
servomotor dynamics is described by the following equation [Biswal, (2011)], [Tudoroiu,
(2012)]:
ௗ
ܮ ೌ  ܴ ݅  ݇ ߱ ൌ ݒ .
(16)
ௗ௧
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The loop input is considered the dc buck converter input voltage,  ݑൌ  ǡa discontinuous
variable with its value depending of the switch position, Sw. Therefore, the dc buck
converter behaviours as a time variable and a nonlinear switch with variable structure
features. The SMC uses a sliding surface to decide its input states to the control system.
The switching input u is a discrete variable that takes one of the three states of dc to dc
buck converter switch, ୵ , namely ON, OFF and maintaining previous state. The value
of the input switching status u is decided by the sliding line in the phase plane of the
equation [Biswal, (2011)], [Tudoroiu, (2012)]:
ௗ௫
ܵ ൌ ܿଵ ݔଵ  ܿଶ ݔଶ ൌ ܿଵ ݔଵ  ܿଶ భ ൌ Ͳ
(17)
ௗ௧

that passes through the origin (0,0), as a stable operating point for dc Buck converter.
This line is like a boundary that splits the phase plane into two regions, each region being
specified with a switching state to direct the system phase trajectory toward the sliding
line (commutation or switching line) [Biswal, (2011)], [Tudoroiu, (2012)]. Anytime the
phase trajectory reaches and tracks the sliding line converging toward the origin:
ο

ݔଵஶ ൌ Ͳǡ ݔଶஶ ൌ Ͳ , when  ݐ՜ ݐ ሺλሻ

(18)

the system is in stable state that corresponds to an equilibrium state (stationary point,
solution of the system of equations (14)).
The dynamics of the system in sliding mode is described by the previous equation of the
sliding line in phase plane, and anytime if the existence and reaching conditions of the
sliding mode are satisfied, a stable system is obtained [Biswal, (2011)], [Tudoroiu,
(2012)]. Also, to guarantee that the system tracks the sliding surface, the control law will
be defined as:

u

1, S w ON , S ! k
°
® 0 , S w OFF , S   k
° previous state , otherwise (  k d S d k )
¯

(19)

where the gain k is an arbitrarily small value, one of the tuning parameters. The reasoning
for choosing S as in (17) is justified by the fact that the switching boundary is to
introduce a hysteresis band which determines the switching frequency of the dc buck
converter.
More precisely, if the parameters of state variables are such that S > k, the switch ୵
of the buck converter will turn ON, and if S < -k it will turn OFF. In the band hysteresis
region, for which ݇  ܵ  ݇, the switch remains in its previous state that prevents the
SMC from operating at a high frequency, and also reduces the chattering effect which
induces extremely high frequency switching [Biswal, (2011)], [Tudoroiu, (2012)]. The
switching conditions given by the control law (19) are depicted graphically in figure 20.
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Fig. 20. Sliding line in the phase plane (x1, x2) ((Reproduced from [Biswal, (2011)], [Tudoroiu, (2012)])

The control law derived above provides only the information that the system
trajectory is driven toward the sliding line. In order to guarantee that the trajectory is
maintained on the sliding line, the existence condition of sliding mode operation, derived
from Lyapunov’s asymptotic stability condition, has to be satisfied [Biswal, (2011)],
[Tudoroiu, (2012)]. Well, we don’t enter in more details concerning the geometrical
aspects of the sliding lines, the regions of the existence stability conditions, the
equilibrium stable points, and so on, because is beyond the purpose of our paper, these
aspects are well explained by extensive simulations in [Biswal, (2011)], [Tudoroiu,
(2012)]. The following values of the system parameters and sliding coefficients we
consider in our approach [Tudoroiu, (2012)]:
ݒ ൌ ʹͶሾܸሿǡ ݒ ൌ ͳͲሾܸሿ(desired output voltage), Inductance of the low pass filter coil,
L = 3e-3[H], Capacitance of the low pass filter, C = 47e-6[F].
To check the SMC robustness to load changes, we assume the following minimum
and maximum values for load resistance [Tudoroiu, (2012)]:
Rmin = 8 ȍ, Rmax = 20ȍ, c1 = 5, and c2 = 0.001, Buck converter switching frequency
݂௦ ൌ ͳͲͲ݇( ݖܪthe cycle period Ts = 0.00001 seconds).
We remark also the presence of the second point of coordinates (ܸ ǡ Ͳ) toward
converge the control system trajectories when ܵ௪ is open, point that is called off state
equilibrium point. On the sliding line, S = 0, that covers both the ON state and OFF state
regions, the sliding mode occurs only on a certain portion since the phase trajectory could
leave it anytime, entering for a while into one of the two outside regions. The AnyLogic
model of the SMC integrated structure is presented in figure 21. The simulation results,
the entry actions and the transitions are shown in detail, for SMC control strategy, in
figure 22 [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]. The
selection of the parameters values for dc buck converter and sliding mode controller (the
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coefficients c1, c2) has a great impact in the phase plane on the system phase trajectories,
on the slope of the sliding line, as well as on the hysteresis region, as shown in figures
23-24 [Tudoroiu, (2012); Tudoroiu et al., (2015a); Tudoroiu et al., (2015b)]. For different
combinations of the parameters values we get completely different results, even
divergence for the system trajectories. The states and the transitions of the dc buck
converter are defined easily in AnyLogic editor in the Properties section of the Main
active object.

Fig. 21. Integrated structure dynamics of dc buck converter and SMC capsules- phase plan representation
(Reproduced from [Tudoroiu, (2012)]).
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Fig. 22. Phase plane evolution of integrated structure dynamics for Ts = 1e-5[s], ton = 0.5 Ts, C = 47e-6 [F],c1 =
0.2/(RC), c2 = 1, the existence region of stability (Reproduced from [Tudoroiu, (2012)]).

Fig. 23. Phase plane evolution for Ts = 1e-5[s], ton = 0.4Ts, C = 47e-6F (Reproduced from [Tudoroiu,
(2012)]).
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Fig. 24. Phase plane evolution for Ts = 1e-5 [s], ton = 0.5Ts, C = 47e-6 [F] (Reproduced from [Tudoroiu,
(2012)])

6. Conclusion
In this paper is simulated the sliding mode controller (SMC) embedded with dc Buck
converter control system structure to stabilize and regulate the converter output voltage,
despite the load current changes and unregulated power supply input voltage. The hybrid
control strategy is conceived, then modeled and simulated in the same AnyLogic 6.7
University hybrid simulator Sliding mode controller (SMC) are well known by its
advantages such as robustness to the load current and input power supply voltage
changes, as well as by its stability. The main drawback of the control strategies is that
their overall performance is dependent on the switching frequency of the network switch,
excessive high switching frequency resulting in severe electromagnetic interferences
(EMI) and switching losses.
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