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This paper presents details regarding the design of two state feedback control (SFC) solutions for the
position control of a mechatronics application represented by the Model 220 Industrial Plant Emulator.
Since SFC is not effective in terms of zero steady-state control error, the SFC structure of both solutions is
inserted in a control loop that contains a PID controller with or without low-pass filter. This leads to the two
SFC solutions proposed in this paper and dedicated to mechatronics applications with variable moment of
inertia. The PID controllers are tuned by the Modulus Optimum method to ensure high control system
performance expressed as increased phase margins and improved tracking performance. The performance of
the proposed SFC solutions is illustrated by case studies that deal with experimentally identified parameters
in two situations, rigid body dynamics and flexible drive dynamics. Simulation and experimental results
obtained for the three significant values of the moment of inertia of the load disk are given.

1 INTRODUCTION

Mechatronics systems are successfully used in many
industrial and non-industrial applications because of
their initial simple and robust structure. The design
steps of control structures for mechatronics
applications are (Isermann, 2005; Bishop, 2007): 1.
accept a simplified system representation, 2. set the
control system performance, 3. design the
measurement  instrumentation  including  state
estimation. 4. generate dynamic behaviours in special
situations, 5. develop convenient control algorithms,
and 6. perform the fault diagnosis.

The mechatronics application considered in this
paper is the Model 220 Industrial Plant Emulator
(M220IPE) laboratory equipment, which is a
complex and nonlinear device that illustrates and
models industrial processes with variable inertia
(ECP, 2010; Stinean et al., 2013a, 2013b). The main
advantages of M220IPE are the possibility to adjust
the dynamic parameters and the ability to introduce
and remove non-ideal proprieties in a controlled
manner. M220IPE is also advantageous from the
experimental testing point of view: it does not allow
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a continuous variation (during operation) of the
moment of inertia, which in turn determines the
validation at important operating points, and a
reduced flexibility to modifications of the control
algorithms.

Some well acknowledged control solutions for
M220IPE will be briefly analyzed as follows. The
disturbances are estimated in (Gao et al., 2001) using
an extended state observer and compensated at each
sampling period. Three state observer design
techniques including high-gain observers, sliding
mode observers and extended state observers are
discussed in (Wang and Gao, 2003). The design of a
static anti-windup compensator is suggested in
(Takamatsu et al., 2010) on the basis of the circle
criterion that leads to numerically solved linear
matrix inequalities. A data-driven design method of
a PID controller and a robust feedback control
designed for mechanisms with backlash are given in
(Saeki and Kishil, 2011). Fuzzy and neuro-fuzzy
control solutions are investigated in (Stinean et al.,
2013a,2013b, 2015).

This paper gives details on the design and
implementation of two state feedback control (SFC)
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solutions for M220IPE. These solutions include a
PID controller with a low-pass filter in case of rigid
body dynamics and a PID without filter in case of
flexible drive dynamics.

This paper offers four new contributions: 1. the
mathematical modelling of the servo system
M220IPE and the interpretation of these models as
benchmark type mathematical models (MMs), 2. the
design of two SFC solutions, 3. the experimental and
simulated validation of the SFC structures with PID
controllers in nine case studies dedicated to the
position control of M220IPE with rigid body
dynamics and three case studies with flexible drive
dynamics, and 4. the comparative analysis of all
control structures.

This paper is structured as follows: an overview
on the numerical values of the system parameters is
given in the next section. The MMs in case of rigid
body dynamics and flexible drive dynamics are also
defined. The design and implementation of the SFC
solutions are discussed in Section 3. The simulation
and experimental results are presented in Section 4.
A comparison of the control systems performance is
included. The conclusions are offered in Section 5.

2 MODEL 220 INDUSTRIAL
PLANT EMULATOR

2.1 Numerical Values of System
Parameters

Since the laboratory setup built around M220IPE
can only provide discontinuous changes of the
moment of inertia, three case studies described
briefly in (Stinean et al., 2015) have been
implemented, tested by simulation and experiments
and analyzed. The proposed control solutions will be
designed for three significant values of the moment
of inertia of the load disk, Jjuq: the initial value
Jioadimi=0.0065kgm’ (without weights on the load
disk), the average value Jipadamg=0.01474kgm’ (four
brass weights of 0.2 kg each), and the maximum
value Jioadmax=0.0271kgm’ (four brass weights of 0.5
kg each). Based on past experience (Stinean et al.,
2013a, 2013b, 2015) nine combinations between
process parameters and controller parameters are
possible. The following notations were used to
analyze and develop the proposed control solutions:

Jdn've = J[/ _ drive + J
J,=J

+ wa load>* p p _ drive

ot =4 load

w_ drive?®

+ ']p _load + ']p _ backlash> (1)

gr=o6n, /np,,gr' =n, /12,

where: Jaive — the inertia of the drive disk, Jy dgrive —
the inertia of the bare drive disk, drive motor,
encoder, drive disk/motor belt and pulleys, J, arive —
the inertia associated with the brass weights at the
drive disk, Jiua — the inertia of the load disk, Ji soaa
— the inertia of the bare load disk, disturbance motor,
encoder, load disk/motor belt and pulleys, Ji joed  —
the inertia associated with the brass weights at the
load disk, J, — the pulley inertia, J, @rive, Jp_ioaa — the
inertia associated with the pulleys in the masses
assembly, J, packiasn — the inertia of the backlash
mechanism, gr — the drive train gear ratio, gr’ — the
partial gear ratio between the idler pulley assembly
and the drive disk, nps — the number of teeth on
bottom pulley, 7, — the number of teeth on top
pulley, c;,¢; — the drive and load friction (modelled
as viscous), c¢;2 — the coupled friction, and & — the
rotary (torsional) spring constant. The parameters of
the servo system M220IPE used in the SFC design
are (ECP, 2010; Stinean et al., 2013a)

Jd _drive = 000040kgm2’ Jdiluad =0.0065 kgmzs
Iy sackiasn = 0-00003 lkgm?,

P

Sy drive = 0.0021kgm’ (4-0.2kgatr,, = 0.05m),

Sy drive = 0.00561kgm’ (4-0.5kgatr,, = 0.05m),

J\y toaa = 0.00824kgm’ (4-0.2kgatr,, = 0.1m), @)
Jo toaa = 0.0206kgm” (4-0.5kgatr,, = 0.1m),

T, aive =3, 1oaa = 0.000008kgm’ (n , = n,, = 24),

Jy wive =7, toaa = 0.000039kgm’ (n,; = n , =36),

¢, =0.004 Nm/rad/s, ¢, = 0.05 Nm/rad/s,
¢,, =0.017 Nm/radk, k = 8.45 Nm/rad.

2.2 Mathematical Models of M220IPE

This sub-section presents the dynamic equations
used in the process MM in two situations, rigid body
dynamics and flexible drive dynamics.

2.2.1 Rigid Body Dynamics

The MM of M220IPE with rigid body dynamics
(ECP, 2010; Stinean et al., 2013a) is obtained from
the balance equation in matrix form

J(‘)+c9:T, 0= ! , J = Jdr!ve ? ,
02 0 Jload

. 0 T
c= Carive O S .
0 Cload &r TD

with 0,=gr, or 0,=gr'0,, where: 0, — the drive disk
position, 6, — the load disk position, 6, — the idler
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pulleys position, Jaive' — the total inertia reflected to
the drive disk, Jiad™ — the total inertia reflected to the
load disk, caive, Cioad— the total reflected friction
constants, and Tp — drive torque, and the expressions
of the parameters in (3)

Tire = ave T, )+ T (8r)7,

Jioaa = aine@ 4 ,(1 &) +J s 4
Come =CL+Cy(gr) 2y = 81+,

The state-space MM of M220IPE with rigid body

dynamics with 0; as the process output is

X=Ax+BT 0, |
] - é]_

b Cx : 5)

with the matrix expressions

A=’ ! | _C—[IO] 6
- 0 _c:imve/‘];rive ’ - I/J;n've_, - . ( )

Applying the Laplace transform to (3) and accepting
zero initial conditions, the process transfer function
(t.f.)is

el (S) / TD (S) = (1 / J;rive ) /[S(S + C;rive / J;rive )] (7)

2.2.2 Flexible Drive Dynamics

The balance equation in matrix form enables the
derivation of the MM of M220IPE with flexible
drive dynamics (ECP, 2010; Zheng et al., 2012):

m . e th 0
JO+cO+KO=T, 9:{ 1} Jz[ v }

e2 0 ‘]Iom/
-2 -1
¢ +epgr 8" T,
c:{ » }, T:|:0 :|, (8)
—Cp&r € tep
-2 -1
K=k "¢ |
— gr’l 1

Considering 0, as the process output, the state-space
MM of M220IPE with flexible drive dynamics is
given in (5), with the matrices

x=[0, é1 0, éz]Ta A= [aij]i,j:l...49

)
B=[b],. 4 C=[1000],
with the matrix elements
a, = O> a, :1,a13 = O, a, = 0,
ay =—kgr” /J;rfvw ay =—(¢ +c12gr72)/‘];rive9
Ay = kgr*1 /J;rive: ayy = Clzgr*I /J;H.ve,%1 =0, (10)

_ _ _ o
a;, =0,a;,=0,a5, =1,a, =kgr—/J,,4

’
_ -1
a, =cpgr-1J,

load >
) T aas by =0,by =1/J

drive>

Ay ==k J g0 Qag =—(c;
b, =0,b,, =0.

*
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Applying the Laplace transform to (8) and accepting
zero initial conditions, the process t.f. is

0,(5)/ Tp(8) =[J a8 +(c3 + €1y)s + K1/ D(s),

D(s)=n,s* +n,s* +n,s* +n,s+n,,

*

1y = e toaa> W5 = J;rive (¢y + )+ Il (11)
+ c]2 /(grz)]! n2 = J;rivek + Jloadk/(grz) + CICZ

+¢,6py + €150y /(gr?), n, =ck+c,k (gr?),

n, =0.

The t.f.s given in (7) and (11) and the matrix
coefficients for three significant values of the
moment of inertia of the load disk are given in
Tables 1 and 2.

3 STATE FEEDBACK CONTROL
SOLUTIONS

3.1 Classical SFC Solutions

The SFC structure is illustrated as the internal
control loop in Figure 1. It is next extended and
included in a control loop with a PID controller in
order to ensure a zero steady-state control error as
discussed in sub-section 3.2. The state feedback gain
matrix keT in both situations is of proportional type.

The state feedback controller includes an
additional amplifier with the gain set to kas=1.
Figure 1 leads to

ex zwx_yx’u :kASex' (12)

The pole placement method is applied to compute
kT using three sets of poles imposed, each for the
three significant values of the moment of inertia of
the load disk, i.e., Jioad,init Jload,avg, Jioad,max- The
notation yx= Ke'x is used in Figure 1. This leads to
the state-space MM of the SFC structure

{x =A, x+Bk,w,

y=Cx . A =A-BK kg, (13)

where Ax is the matrix of the inner SFC loop. The
state feedback gain matrix of M220IPE with rigid
body dynamics is according to Table 3, columns 4
and 5 and the state feedback gain matrix of
M220IPE with flexible drive dynamics is according
to Table 3, columns 10, 11, 12 and 13. The closed-
loop system poles (i.e., the inner SFC loop) are
given Table 3, columns 2 and 3 for rigid body
dynamics and in columns 6, 7, 8 and 9 for flexible
drive dynamics. The t.f. of the inner SFC loop is
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Hyo(s)=C(s1-A)"'B
ke
I+ Tis)1 + Tps)
koo (1+2C,T,s + szsz)
A+ Ts)(1 + L)1+ Tos)(1 + T,s)

(14)

where I is the second-order (or fourth-order) identity
matrix, ksrc is the inner SFC loop gain, 7; (or 7}, T»)
is (are) the large time constant, and 7> (or 73, Ty) is
(are) the small time constant (s).

3.2 Design and Implementation of PID
Controllers

The first SFC solution uses a PID controller with a
low-pass filter with the generic t.f. and parameters

H, (s) = (k. / )1+ 5T,)(1+5T,,)

(A +sTy), k. =1/(2kgcT), (15)
T,=1.T,= Tz’T/‘ =0.97,,

where k. is the controller gain, T.; and T are the
controller time constants, and T is the filter time
constant. The control algorithm is designed and tuned
in terms of Kessler’s Modulus Optimum method
(MO-m) referred in (Astrdm and Higglund, 1995).

Using the backwards difference method, the
continuous-time PID controller with the continuous-
time t.f. He(s) is discretized resulting in the discrete-
time t.f. Ho(z'")

H(,(Z_l) — q() +q]Z:]1 +q227_22 ,
' Pyt Pz +pyZ

qo =k (T, +T )T, +T)).q, =k.T,T,, (16)
g, =~k [T, (T, +T)+T,(T, + T,
Dy :T/ +T,, p, :_(2T/' +T,), P, :T/’

where T=0.004s is the sampling period. The
numerical values related to SFC structure and the
PID controllers for three significant operating points
are given in Table 4.

Table 1: State-space MM matrices and transfer functions expressions of M220IPE with rigid body dynamics.

Moment of inertia Matrices A, B and C Process transfer function 0,(s)/Tp(s)

r P R e 'C_[l 0] 7036

load, init - _O —8.63_7 = _7036_, _— S(s N 863)
o 1 [0 ] 4362

Jioad.avg A= ,B = ,C=[1 0] e

|10 —5.35] 14362 | s(s+5.35)
) 1] [0 ] 2741

Jioadmax A= B = ,C=[1 0] =

' |0 -3.37] | 2741] s(s+3.37)

Table 2: State-space MM matrices and transfer functions expressions for M220IPE with flexible drive dynamics.

M(.)mel?t of Matrices A, B and C Process transfer function 0,(s)/Tp(s)
nertia
K 1 0 0 0
—1259 —12.068 5036 10.13 13850 2 .
Tosti A B- c=1 0 0 0] }3850(5‘ 2—10 307s+1300)
0 0 0 1 0 s(s” +22.37s~ +2677.25 +22078)
1325 0.654 —-1300 -10.307 0
[0 1 0 0 1 K i
—-1259 -12.068 5036 10.13 13850 1 5% +4.59
Jioadave A= B= .C=[1 0 0 0] : 3850(v2 +4.595+579)
0 0 0 1 0 s(s” +16.65s° +1893.75+9827.4)
1145 0.3 =579 —-4.59] 10
[0 1 0 o 1 o
—-1259 -12.068 5036 10.13 13850 13850(s* +2.47s +312
ioadmas A= B = ,C=[1 0 0 0] 3 O(Sz 12405
0 0 0 1 0 s(s” +14.53s5° +1599.45 +5290.4)
177.9 0.157 =312 -247] 10 ]
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1
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c P 02 _________ll________ |
—
Enc1/Enc2
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Figure 1: Control structure of M220IPE with rigid body dynamics and flexible drive dynamics.

Table 3: Selected poles and state feedback gain matrix numerical values.

Rigid body dynamics Flexible drive dynamics
Moment State foodback oai
of inertia Selected poles tate :atrfxc g Selected poles State feedback gain matrix
2 3 4 5 6 7 8 9 10 11 12 13
1
Pl* Pz* Kei ke Pl‘ pz* ps* p4* Ke1 ke ke Kes
Jioadinit 20 11 0.0313 0.0032 -20 -11 -105 -110 0.9735 0.0161 -3.3304 -0.0036
Jioadavg 220 7 0.0321 0.0050 -20 -7 -50 -55 0.2385 0.0083 -0.7600 0.0002
Jioad max 220 s 0.0365 0.0079 -20 -5 -30 -35 0.0712 0.0054 -0.1873 0.0018
Table 4: SFC structure t.f.s and numerical values of PID controllers’ parameters for rigid body dynamics.
P 1 f PID troll
quer}t of SFC structure t.f. Hsre(s) arameters o controllers
inertia Qo qi Q2 Po P1 p2
Ji 319818 0.0016 0.0030 0.0014 0.0490 0.0940 0.0450
foadant (1+0.0909s)(1 +0.05s) ' - : : e :
y/ SLISTI 0.0025 0.0048 0.0023 0.0490 0.0940 0.0450
oadas (1+0.14295)(1+0.055) ' - ' ' e '
y/ $ 0.0040 0.0077 0.0036 0.0490 0.0940 0.0450
foadmax (1+0.25)(1+0.055) ‘ e : ‘ - :

Since the M220IPE with flexible drive dynamics
is a fourth-order system, the second SFC solution
uses a PID controller to compensate two large time
constants. The generic continuous-time t.f. of the
PID controller is given in (15). The requirement to
ensure zero steady-state control error is fulfilled by
the I component of the PID controller. The MO-m is
also applied to tune the three PID controllers with
fixed parameter values. Setting the value of the
sampling period to T¢=0.004s, the continuous-time
PID controller is discretized using the backwards
difference method and the discrete-time parameters
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qo, q1 and g are according to relation (16), the only
differences are in po and p; (po=T; and p;=-T)
parameters. The numerical values of the parameters
of the PID controllers used in simulations and
experiments are presented in Table 5.

4 SIMULATION AND
EXPERIMENTAL RESULTS

The two SFC solutions described in Section 3 have
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Table 5: SFC structure t.f.s and numerical values of PID controllers’ parameters for flexible drive dynamics.

Parameters of PID controllers

Mj’:;fg; of SFC structure t.£. Here(s)
9o q1 qQ2 Po P
7.0838(1+0.0079s +0.00077s*
ioadinis ( a s) 0.0038 | -0.0072 | 0.0034 | 0.0040 | -0.0040
(1+0.0909s)(1 + 0.055)(1+0.00955)( + 0.009 Ls)
20.8286(1+0.0079s +0.0017s>
ioadiavg & s s) 0.0040 | -0.0075 | 0.0036 | 0.0040 | -0.0040
(1+0.1429s)(1 +0.05s)(1 + 0.025)(1 + 0.0182s)
41.0952(1+0.0079s +0.0032s”
Jioadmar ( o s ) 0.0028 | -0.0053 | 0.0025 | 0.0040 | -0.0040
(1+0.25)(1+0.055)(1 + 0.0333s)(1 + 0.02865s)
Table 6: Performance indices achieved by the control systems with PID controllers.
Case study 1.1 Case study 1.2 Case study 1.3
(9] t) ts (e)] t[ ts (9] tl ts
5.05% 0.2209 0.4928 18.75% 0.266 0.7717 20.625% 0.3281 0.8898
Case study 2.1 Case study 2.2 Case study 2.3
(1 t ts oy 4 ts [ t ts
1% 0.1867 1.3021 12.5% 0.2306 0.6901 15% 0.2806 0.7202
Case study 3.1 Case study 3.2 Case study 3.3
[ 4 t o] 4 ts [ 4 ts
17.1% 0.1236 1.4997 16.99% 0.1707 1.2411 13% 0.2428 0.7625
50 45 L, 50
0
2 40 b 45 -
o 2 40 '1.
E 0 E z: g 0
EE 25 :E % 25
5 R =
é a0 % é 20
<< 15 <t 15 << i
o === Angular position-reference * = +=== Angular position-reference m —-—-- Angular position-reference
Angular position-case study 1.1 5 ——— Angular position-case study 2.1 Angular position-case study 3.1
3 Angular position-case study 12 | § i & | === Angular position-case study 2.2 Spr e Angular position-case study 3.2
---------- Anaular position-case study 1.3 ++see+ Anqular position-case study 2.3 -« Anqular position-case studv 3.3 |(a)
% 05 1 158 Timegs] 2 25 3 EC 05 1 15 Time[s] 2 25 3 EC 05 1 15 Timefs] 2 25 3 35
50 Y 50
45 "' a5 75 45
TR
40 LY A0 gl = 40 Sy
_ 35 _ ) [":U _ 3
% 30 % 30 i g 30
;é 25 %; 25 %; 25
% 20 L% 20 g 0
<, < 15 s
1o =+ === Angular position-reference 1 =s=1= Angular position-reference mi ngular position-reference
s i pockton e gy 12| 5 Ivsviddonasangm e B s oo case stody 32
o Anular posttioncase v 13| b Anaular bostton-case studv 2.3 f it bostion-cace vy 33 |(b)
% 05 1 15 i (3] 2 25 3 ECR 05 1 1.5 Time [s] 2 25 3 35 0 05 1 15 Time [s] 2 25 3 35

Figure 2: Simulation (a) and experimental (b) results regarding the behaviour of SFC structures with PID controllers
designed for M220IPE with rigid body dynamics: case studies 1.1-1.3, 2.1-2.3 and 3.1-3.3.
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Angular postion [rad]

5 5
—— Angular posttion-reference ——— Angular pasttion-reference 5 —— Angular postion-reference
e ==== Angular position-measured (

5 = === Angular position-measure d o = === Angular position-measured
0 1 2 3 [ 3 3 7 8 1] 1 2 3 4 5 3 7 8 0 1 2 3 4 5 3 7 ]
Time [s] Time [s] Time [s]

Angular position [rad]
Angular position [rad

ference

asured (b)
8 0 1 2 3 4 5 3 7 B
Time [s] Tirme [s]

Figure 3: Simulation (q) and experimental (b) results regarding the behaviour of SFC structures with PID controllers
developed for M220IPE with flexible drive dynamics: case study 1.1, 2.2 and 3.3.

been implemented and tested on M220IPE laboratory details on two SFC solutions for a mechatronics
as position control systems. The results obtained on application with rigid body dynamics and flexible
the M220IPE laboratory equipment with rigid body drive dynamics for three significant values of the
dynamics are presented in Figure 2. Three SFC moment of inertia on the load disk. The simulation
structures — each for every moment of inertia of the and real-time experimental results show that our
load disk — have been tested on the nonlinear system SFC structures exhibit good control system
and validated by simulation and real-time performance indices that should be improved in
experiments. Analyzing the comparative results critical applications. The main advantages of the
illustrated in Figure 2 and the performance new results given in this paper are the simplicity of
synthesized in Table 6 for the experimental results, it the SFC structure with a reduced number of
can be concluded that the best reference tracking and parameters and the transparency of the design
control system performance has been obtained in the approach.
case studies 1.1, 2.2 and 3.3. Our SFC solutions can be viewed as a support
The three most favourable case studies were for other control solutions including fuzzy, neural,

tested for M220IPE with flexible drive dynamics, and sliding mode and adaptive control (Blazi¢ et al.,
the results are presented in Figure 3. Both simulation 2010; Precup et al., 2009, 2012; Ruano et al., 2002).

and experimental results show similar performance The performance can be improved by inserting
indices in terms of the settling time values, the first sensitivity, robustness objectives and constraints
settling time values and the overshoot values as (Casavola et al., 2014; Gutiérrez-Carvajal et al.,

follows: case study 1.1: 61=0%, #~0.934s, t~1s; 2016). The pole placement method applied in this
case study 2.2: 01=11.25%, #,=0.252s, £~1.2308s; paper can be replaced by the optimal design and
case study 3.3: 6/=15.5%, £=0.267s, t~1.3916s. The tuning by means of classical or modern optimization
analysis of the set of results presented for the two algorithms (Bandarabadi et al., 2015; Johanyak,
SFC solutions points out that all tested control 2015; Menchaca-Mendez and Coello Coello, 2016).

solutions provide relatively good reference tracking. This has not been investigated, but it represents a
The comparative results given in Figures 2 and 3 subject of future research. Future research will also
prove that the PID controllers contribute in average be focused on applications to other illustrative
to both good dynamic performance and robustness nonlinear processes.

with respect to at least one process parameter.
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