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Abstract: This paper presents a well known model of arm with flexible robotic link modeled in Hardware Description Language
(HDL). The system is modeled on behavioural level described as nonlinear DAEs in a new developed hardware description language
called SystemC-A. It is an extended version of the C++ based digital simulator SystemC which provides analogue, mixed-signal and
mixed-domain modelling capabilities. The paper objective is of twofold, verifying the new language capabilities, and modelling a
system of high complexity. The model was compared with SIMULINK/MATLAB and proved to be highly accurate.
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1. INTRODUCTION

Hardware Description Languages (HDLs) are
classified into three categories, digital, analogue, and
Analogue-Mixed Signal (AMS) HDLs. Examples of
digital HDLs are VHDL and Verilog, they are based on
event-driven techniques and a discrete mode of time.
Analogue HDLs support the description of systems of
Differential Algebraic Equations (DAES) and support
network semantics and behavioural descriptions. AMS
HDLs support both event-driven techniques and DAEs.
The most popular AMS HDLs are VHDL-AMS [1] and
Verilog-AMS [2].

HDL-AMS are used to model systems from a variety
of physical domains [3], such as mechanical, automotive
[4] [5], and mechatronic systems. HDL-AMS has also
been used to model Micro-Electro-Mechanical Systems
MEMS [6], electrical power generation [7], Aircraft
Electrical System [8] and in the simulation of
electrothermal systems [9]. HDL-AMS allows different
parts of the system to be described at behavioral level as
well as component level of abstraction. In HDLs, ports
and signals are used to connect hierarchical modules of
different parts of the system. HDLs provide mixed
domain libraries which contain different types of ports,
signals, cross and through quantities to be used in
specific domains such as electrical, magnetic,
mechanical. Further, currently HDL capabilities are
extended to a new formalism for the modeling of
complex biological networks [10].

HDL-AMS is the state of the art powerful technique
in computer-based modeling and simulation which
demonstrates great benefits to designers and shorten time
to market. HDLs provides a convenient way to create
subsystems, prototyping and reusability. New libraries of
components and systems can be defined and reused.
There are still many models which require integrating
different simulators to different parts in the simulated
system. This is due to some limitations in the current
HDLs. For example, in [11] VHDL-AMS is used for
fault modeling of analog circuits, where part of the
system required modeling in MATLAB. Also in [12],
VHDL-AMS is used to design energy efficient sensor
nodes optimum performance and then MATLAB
optimization toolbox is used. The current HDLs are not
flexible in the sense that designers cannot reuse libraries
written in C++. This limitation can be solved using
proposed SystemC-A since designers can easily reuse
libraries such as optimization algorithms and
verifications within their designs.

SystemC-A [13] is an extension to SystemC [14]
digital simulator intended to extend the digital modeling
capabilities of SystemC to the analogue domain.
SystemC-A provides the same powerful features of
VHDL-AMS and Verilog-AMS in addition to a number
of extra advantages such as high simulation speed,
support for hardware-software co-design and for high
levels of modeling. SystemC-A was validated in previous
publications in modeling mixed-signal systems such as
switched-mode power supply and phased locked loop
[15] [16]. In this work, SystemC-A is validated by
modeling single flexible link connected to a servo-motor
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and its controller. The system is analogue mixed-physical
domain described by a set of DAEs.

For modeling and simulation of controlled systems,
the tool used depends on the research discipline
(mechanical, electronics, etc), however, Matlab/simulink
is popular. The flexible link with controller system is
modeled in the literature in Matlab/simulink [17] and
Labview [18] at different abstraction levels. While
achieving a certain control objectives, highly accurate
models are needed as well as an integrated simulation
tool for all parts of the design to be simulated
concurrently [19]. When more variables from attached
systems or from the environment are needed in the
simulation, the simulator should have the flexibility of
adding more models and libraries.

Researchers focused on different aspects of
modeling flexible link [20]. The nonlinear model is
complicated and the controller design is challenging [21].
For instance, finite element is employed in [22] and
lumped mass model is used in [23], models employed
depend on requirements in complexity, accuracy, or
simulation time. Verity of controllers types are designed
such as optimal [24], robust [25], and classical [26].

The focus of this work is to present a behavioral
model of the flexible link in HDL for the first time with
accurate  simulations.  Developing an  accurate
mathematical model or maximizing the accuracy and the
efficiency of the controller compared to other designs are
not from the objectives of this work. In section Il, the
flexible arm system and its attached motor equations are
derived as well as the control design. In section IlI,
SystemC-A language is briefly explained, while in
section IV proposed SystemC-A model of the flexible
link system is detailed.

2. FLEXIBLE LINK ARM SYSTEM

The flexible link arm is used in the industry in
numerous applications such as robot arm, space shuttle
arm, and nuclear maintenance because of its low power
consumption and speed compared to rigid link
manipulator. Also it is a benchmark system used in
control systems to verify modeling methods and
controller designs. The flexible arm is a lightweight and
deflecting during rotation. At the base, the arm is
connected to a dc motor for actuation. When the motor
actuate the arm, it will start rotating causing vibrations
because the arm is bendable. Then the control objective
for this system is to design a controller to suppress the
vibrations while the arm is positioned at a certain angle.
Fig. 1 illustrates the flexible link attached to a DC motor
at one end, with some required parameters used to derive
the mathematical model.

A

T
Figure 1. Schematic flexible arm attached to a DC motor.

A. Motor Mathematical Model

There are a number of models used in the literature
[20]. The mathematical model adopted in this paper is
behavioral model described by a set of DAEs. The
system parameters are described in Table I and Il and are
taken from the literature. The closed loop of motor with
gears is modeled as Single Input Single Output (SISO)
system by the transfer function described in Eq. (1).

nKng
Oout(s) _ Raleq
Vin(s)  (;,Bea, MKAKG W)
Jeq Raleq
The output torque T, (s) is,
NKmKg
T,(s) = 25 (Vi(s) — KKy (s)) @
a
In time domain the output torque is,
NKmK, .
T,(0) = "2 (vi(0) — KK, H(2)) ®
The system parameters are listed in Table I.
TABLE |
MOTOR PARAMETERS.

Symbol Definition Value
Ra armature resistance 2.6Q
Km motor voltage constant 0.00767V.s/rad

K, motor torque constant 0.00767N.m/A
Kg high gear ratio 145
Jm armature inertia 3.87x107kg.m?
Jtach tachometer inertia 0.7x10'kg.m?

n motor efficiency 0.7395
Jeq equivalence inertia 0.0023kg.m?

B. Flexible Link Mathematical Model
The flexible link parameters are defined in Table II.

0=w 4)
a=v ®)
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The torque of the flexible link acceleration is defined as,
TABLE Il FLEXIBLE LINK PARAMETERS 0 0 1 07
6 0 0 0 1 p
Sympol Definition i 0 Kstirr _ nKaK§ + BegRa a
0 servo gear angular dlsple}cement o = ]eq ]eqRa @
w serv-o gear angular veIom_ty v Kstiff UK%K; + BeqRa v
a flexi link angular deflection 0 - ]—]arm 7 R
v flexi link angular velocity . 0 JeqRa
L flexible link length L = 0.381m [ 0 ]
y total deflection y = 6 + « | nKnK, |
m
m mass O:f flexible link m = 6§gm + ]eq Rag LV as)
D end point arc length deflection D = aL KK
WrL link’s damped natural frequency 67 _ MYy
]arm link’s moment of inertia Jarm = 0.0031452 ]eq Ra
Kgage strain gage calibration factor 1volt=inch C. Controller Design
Kouifr link’s stiffness Kstiff = 1.1175 The flexible link system controlled in the literature
B, Equivalent viscous friction=0.0004Nm/(rad/sec) using linear and nonlinear methods for different

d%y - . .
T]arm =]armF=]arm(9 +0!) =]arm(w +V) (6)
The torque due to torsional spring Ky is assumed to be

proportional to the link’s deflection «, i.e.,

Tystirf = Kstifr@ (7
Tiarm + Tkstisf = 0 (8)
Or,

Jarm(@ + V) + Kgeippa = 0 )

The output torque of the servomotor is defined in
Eq.(10), it overcomes the inertia torque due to Jeq and the
frictional torque, also, it is assumed to overcome the
torque due to link’s acceleration, i.e.,

T, =]eqd) + Beqw +]arm(d) +v) (10)

substituting for /- (@ + v) from Eq.(9) into Eq.(10)
resulted in,

. Kgti B,

w=————a— iT + ﬂw 11
stiff L
Jeq Jeq Jeq

substituting for T, from Eq.(3) yields,

2 2
Kstiff @ — NKmKg+BeqRa

o= TR (12)

]eq ]eqRa ]eqRa t
substituting for & from Eq.(12) into Eq.(9) yields,
NKAHKZ+BeqRa

JeqRa

+ Kgti KmK,
_ (]arm ]eq) stiff W+ Nimig v; (13)
JeqRa

V=
JeqJarm

To obtain a state-space model of the system
comprising the servomotor and the flexible link, the
following state variables are chosen,

x)=[0 a w v]T (14)

Then using Eq. (4),(5), (12) and (13), the state-space
model is written as,

accuracies targets. In this work, a linear method of state
feedback is used. It can be used when the system is
controllable, and full state feedback is used when all
states are available and measurable. Using Matlab
commands for pole placement, the gain K is calculated
and then the control Law is,

u=—-K*+x(t)=-K*[0 a o v]T (16)
where, K =[6.5 0.1 0.01 0.0003]

3. SYSTEMC-A LANGUAGE

SystemC-A is a language based on C++ and it
consists of language constructs to provide modeling
capabilities to model analogue systems at different
abstraction levels from circuit level to system level. It has
a library of primitive circuit components such as resistor,
capacitor, and voltage sources. Also SystemC-A provides
flexibility to support user-defined components. It has a
synchronization mechanism to link the analogue engine to
SystemC event driven engine. Also, it support the smooth
integration of digital and analogue parts using special
modules for interfaces. A modular analogue simulator has
been built using efficient linear and nonlinear numerical
methods and it proved to be accurate and perform fast
simulations. Fig. 2 illustrates the architecture of SystemC-
A and its synchronization to SystemC. Some details of the
language is explained in section IV and for more details
please refer to previous publications [13] [27].

SystemC SystemC-A

user defined channels user analogue modules

Synchronization
Lock step

Core language
Modules, Ports, - »  Circuit

Processes, Interfaces, Data types components
Channels, events
Event driven simulation kernel

User Analog
defined digital
components| interfaces

Analogue numerical solver

C++ Language standard

Figure 2. SystemC-A language architecture.
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4, SYSTEMC-A MODEL OF THE CONTROLLED
FLEXIBLE ARM

The model consists of three C++ modules linked to
SystemC-A library. A module to model the arm and
motor, and another for controller, and the last is a
testbench module. The system is modeled using mixed-
level models where some parts are modeled in behavioral
level and others at circuit level. The testbench illustrated
in Fig. 3 includes instances of all parts connected together
by signals or nodes.

Vin i
0 ni sca_node sc_signal
\i\j Flexible 0
l 2 arm a
w
Control |50 gignal v
signal u(t)
-
State
feedback ‘
controller [
K [

Figure 3. Flexible arm with state feedback modules in SystemC-A.

The system could be tested with different types of
inputs: step, sinusoidal, and random noise. The tested
signals are modeled as component module as described
before. For example, the sinusoidal input, is a voltage
source from SystemC-A library of circuit components.
The sinusoidal stimulus is then connected to the arm
module via nodes in the testbench module as shown in
Listing 1.

Listing 1. SystemC-A testbench of the flexible arm system.

1 void testbench::system(){
2 /I global connecting signals

3 sc_signal<double> x1,x2,x3,x4,feedback;

4 /[ instantiating nodes and components

5 n2=new Node("0");

6 nl=new Node("n1");

7 voltageS_sin *Vinl =new voltageS_sin(*Vsin", n1,n2,

8 0.2,0,6.5,0,0);//freq,offset,amplitude,delay,damping

9 Arm*arml =new Arm("arml1",nl,&feedback,&x1,

10 &x2,&x3,&x4);

11 controller *contl =new controller(*control1",&x1,&x2,&X3,
12 &x4,&feedback);

13 sc_start(5,SC_SEC); \\start simulation for 5 Seconds}

The arm and controller modules are C++ modules
defined as SystemC-A component, where the components
constructor defines the number and type of the
components inputs and outputs. System variables are

defined in the constructor, as shown in Listing 2 which is
SystemC-A model of controlled flexible arm. The arm
constructor instantiate system variables 6, a, w, v in Line
8-11. In Listing 2 BuildB() function include DAEs of the
flexible arm system. Eq.(15) defined earlier in section Il is
modeled in Line 30-33. The arm module contains four
system variables which need four Equation() functions to
be defined in BuildB(). The arm module is connected to
the controller via SystemC signals as shown in line 13-18.
This syntax is analogy to other HDL such as Verilog-
AMS and VHDL-AMS.

Listing 2. SystemC-A model of controlled flexible arm.

Arm::Arm(char nameC[5],SystemVariable*node_al,
sc_signal<double>*error_sigl,sc_signal<double>*x1_sig1,
sc_signal<double>*x2_sigl,sc_signal<double>*x3_sig1,
sc_signal<double>*x4_sigl):component(nameC,0, 0, 0){

/Isystem variables
y1 =new sc_free_variable("y1");//theta

© 00 N O U B~ W N

y2 =new sc_free_variable("y2");//alpha

=
o

y3 =new sc_free_variable("y3");//omega

[N
=

y4 = new sc_free_variable("y4");//v

= e
w N

error_sig=error_sigl;

=
~

x1_sig=x1_sigl;

[N
5]

x2_sig=x2_sigl;

[
o

x3_sig=x3_sigl;

[N
~

x4_sig=x4_sigl;
18
19}
20
21
22
23
24
25
26
27
28
29
30
31
32
33

node_a=node_al;
void Arm::BuildB(){

Vin=X(node_a);// sinusoidal system input
ul=error_sig->read()+Vin;// control input

x1_sig->write('Y1n);// writing to output signals

x2_sig->write(Y2n);

x3_sig->write(Y3n);

x4_sig->write(Y4n);

/I four arm equations

Equation(yl,-Y1dotn + Y3n);

Equation(y2,-Y2dotn + Y4n);

Equation(y3,-Y3dotn + 480*Y2n-17*Y3n+13.2*ul);
Equation(y4,-Y4dotn - 842*Y2n+17*Y3n-13.2*ul); }

Listing 3 shows SystemC-A model of the state
feedback controller. The first four signals defined in the
constructor (line 2-4) are the state inputs, while the fifth

signal is the control output signal. Line 15-16 is reading
input signal values then multiplied them by K, the state
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feedback gain feedback = Kx. Line 17 is writing the
feedback value to the output signal.

Listing 3. SystemC-A model of state feedback controller.

1

2 controller::controller(char nameC[5],sc_signal<double>

3 *x1_sigl,sc_signal<double>*x2_sigl,sc_signal<double>*x3_sigl,

4 sc_signal<double>*x4_sigl,sc_signal<double>*feedback_sigl):

5 component(hameC,0, 0,0){

6 x1_sig=x1_sigl;

7 X2_sig=x2_sigl;

8 X3_sig=x3_sigl;

9 x4_sig=x4_sigl;

10 feedback_sig=feedback_sig1;
11}

12 void controller::buildB(){

13 // controller parameters:

14 /lcalculating control feedback signal

15 feedback=-6.5*x1_sig->read() - 0.1*x2_sig->read()

16 -0.01*x3_sig->read() - 0.0003*x4_sig->read();

17 feedback_sig->write(feedback);//writing to output signal
18}

The system was simulated using two types of input
signals, a step and a sinusoid. The sinusoid has an
amplitude of 6.5v and a frequency of 0.2Hz. Fig. 4 and 5
shows a 5 seconds simulation results of the system states,
6,a,w,v. The input represents the voltage applied to
drive the motor to move the arm in a certain angle with a
certain speed.

A. Comparison with Simulink

The system is also built in Simulink and Fig. 4 and 5
shows the system states simulated in Simulink as well.
The results matched SystemC-A simulations to a very
high accuracy. The Root Mean Square Error (RMSE) is
shown in Table IlI, for 8, @, w,v. The error is more in the
first second of the simulation and it is nearly zero
afterwards. It is worth to mention that the solver used in
SystemC-A is based on Trapezoidal numerical method
while in Simulink fourth order Runga-Kutta is chosen
because Trapezoidal is not within the options in Simulink.
The small difference in simulations is therefore due to
different solvers. For fair comparison the absolute
tolerance and relative tolerance should be the same in both
simulators.

6 [rad]

Servo gear angular
displacement

Time [s]

0.5 1

5 -
a [rad]

N

1.5 2 2.5 3 35 4 4.5 5

link angular deflection

Time [s]

5 1

1.5 1w [rad/sec]

15 2 25 3.5 4 4.5

Servo gear angular
velocity

0.5 1

1 v [rad/sec]

- {\/\‘\‘
0

link angular velocity

Time [s]

0.5 1

1.5 2 2.5 3 3.5 4 4.5 5

—SystemC-A

—Simulink

Figure 4. Flexible arm with state feedback controller simulation results
of SystemC-A and Simulink for a sinusoidal input.

TABLE Il
RMSE OF THE SYSTEM STATES BETWEEN SYSTEMC-A AND
SIMULINK
Step Sinwave
@ | 0.0056 0.0074
a | 00017 1.0949¢-004
w | 00438 0.0127
v | 0.0479 6.9756e-004
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8 [rad] Servo gear angular

displacement
1
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0.6
0.4
0.2
. Time [s]
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0-96 7 o [rad] link angular deflection
0.04
0.02
o Time [s]
0.02 0.5 1 15 2 25 3 35 4 45 5
-0.04
-0.06
-0.08
0.1
0.12
-0.14
4 1 w [rad/sec]
35 Servo gear angular
3 velocity
2.5
2
1.5
1
0.5
o Time [s]
05 ¢ ovsv 15 2 2.5 3 35 4 4.5 5
25 1y [rad/sec]
2 link angular velocity
1.5
1
0.5 /\
’ V MAV 1 15 2 2.5 3 3.5 4 4 ST%E];
0.5 i . : ’
-1 = SystemC-A
1.5 —simulink
-2
-2.5

Figure 5. Flexible arm with state feedback controller simulation results
of System C-A and Simulink for a step input.

5. CONCLUSION

A hardware description model of a flexible link
system with state feedback controller has been developed
in SystemC-A language. This has demonstrated the ability
of SystemC-A to model complex systems in HDL context.
Also, SystemC-A simulations were compared to Simulink
simulations, showing highly comparable numerical
figures, which proves that SystemC-A can be compared to
well established HDLs. The work also present one
integrated simulation tool for modeling and simulating
complete design of mixed-physical domain systems at
different abstraction level. The advantage of that
SystemC-A is built on C++, more analysis could be done
by re-use C++ libraries already designed by others.
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