Experimental Evaluation of Automatic Tuning of
PID Controllersfor an Electro-Mechanical System

Liuping Wang* Chris Freeman ** Eric Roger s**

*School of Engineering, RMIT University, Victoria 3000 Aaka, (e-mail:
liuping.wang@rmit.edu.au)
** Department of Electronics and Computer Science, Uniweddit
Southampton, UK, (e-mai{cf, etar} @ecs.soton.ac.uk)

Abstract: Integrating processes are widely encountered in elec#ohanical systems and other
areas. Automatic tuning of PID controllers for this type pé$tem requires special consideration since
the underlying system is unstable. Using relay feedbackabin a closed-loop setting, an auto-tuner
is designed to systematically find the controller paransatsing a frequency sampling filter model.
The performance of this auto-tuner is evaluated on an elgagchanical experimental test facility
that can be configured to operate in either as a single-ismgle-output or multiple-input, multiple-
output system. The experimental results demonstrate thahwhe interaction the between control
loops is weak, the auto-tuner produces closed-loop pedoomthat matches the specification, but
this performance gradually decays as the level of intevadticreases. The experimental results can
also serve as experimental benchmarks to compare completaigns.

Keywords:Integrating systems, electro-mechanical systems, adiotoaing of PID controllers,
experimental evaluation

1. INTRODUCTION with a time delay and (Dittmar et al., 2012) used of nonlinear
optimization techniques to find the PID controller paramete
Automatic tuning of PID control has been of interest amongn a multi-loop controller tuner. Finally, (Ho et al., 2000)
control engineers over the past several decades, se¢(&sg., extended the gain and phase margin design for PID control
trom and Hagglund, 1984, 1988, 1995, 2006; Hang et afrom single-input and single-output to multi-input and tirul
1991; Hagglund and Astrom, 1985; Yu, 2006; Johnson arelitput systems and (Cetin and Iplikci, 2015) developed an
Moradi, 2005)) for the reasons why PID controllers are thauto-tuner for nonlinear and multi-input multi-output&rss.

{ngztr;""gelgtuﬁ:decghn;rggerast:.'?.tm%L;S;g?tl.r?pp“acg'rgggg .The mechanism of relay feedback control, used by (Astrom
u u v pabrity Ing p Withd Hagglund, 1984), is widely regarded as the most effec-

minimal human intervention. A key component in all aUtO'tiv instrument for auto-tuning and has been widely used in

tuners is the parameter estimation scheme designed to ﬁfp1 design of auto-tuners. There are three key reasons for

the mathematical representation of a physical system.dn praEvocating the use of relay feedback control in the design

\é;ouie\avggf};%%nrg_&tngl"_ slsgulgn%re(z)?g;el?)dsghsei l;]zelzsotf aetSS auto-tuners. The first is that relay feedback control will
P ry-seq 9 og Q;l%tomatically generate an excitation input signal to emsur

:‘,(\;Irt'gactzgﬁsr;gce)g::ja;?rnaﬁgnﬂlr?gf dteosildrfn:rt)értr?aeti\fer:m?\g' successful identification of process information that ie+e
gn. ya vant for the PID controller design. This is achieved without

et al., 2001) proposed the use of the Fast Fourier Transform_ . . . : : i
(FFT) to obtain the plant frequency response, the step r(g;pnorl information about the system dynamics, which is

sponse and a second-order model with time delav on whi aramount in the design of an automatic tuning algorithm.
P X . y e second is that the system is under closed-loop control
to base automatic tuning.

with the nonlinear relay controller such that it is main&adn

In other work, (Johnson and Moradi, 2005) and (Yu, 2006) inat the operating condition chosen by the user. The thirdis th
troduced a range of PID controller design methods, incigidinthe sustained periodic oscillation generated by the reday{
system identification using relay-feedback experiments arback control produces an excellent signal-to-noise ratitihfe
controller design methods. In (Lim et al., 2012) recursaast  estimation of critical process frequency information, evhi
squares was used to estimate a discrete-time model to impr@an be directly extracted using Describing Function Arialys
the closed-loop control performance of a sheet metal fogmir((Atherton, 1975; Astrom and Hagglund, 1984)), Fast Fourie
process and (Romero et al., 2011) developed an auto-tuniAgalysis (Wang et al., 2001) and frequency sampling filter
algorithm based on relay feedback control experiments Hyased estimation (Wang and Cluett, 2000).

minimizing the load disturbance effects and maximizing th%he majority of auto-tuners are designed for stable systems

integral gain with minimum constraints on the gain and phas ; 2o
margins. Also (Yu Jin et al., 2014) extended the PID autoe-e'g" chemical process control applications, where the pro

tuning method to applications in the area of fractionaleyst cesses are typically firstorder plus delay systems ((Haalg,et



2002; Johnson and Moradi, 2005)). Recent years have seen
increased interest in the control of electro-mechanicstesys B
such as unmanned aerial vehicles ((Li and Song, 2012)) and r € e | u plant]”
autonomous underwater vehicles, e.g., (Bayat et.al, 2016) = K, [Pt
These systems have integrators in their underlying dynam-
ics and the PID controllers are often used in their control,
demanding the derivation of new auto-tuners to ensure high
quality performance (Poksawat et al., 2016). Since integga
systems have pole on the stability boundary, stabilizaison
required before a relay experiment can be conducted.
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Fig. 1. Block diagram of the relay feedback control scheme.
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This paper develops a new auto-tuner design with experi-
mental evaluation on an electro-mechanical system. This n . .
auto-tuner brings together several existing approachéein ?NhereG(le) Is the open-loop frequency responsex the

. i, . air of input and output signals corresponding to the rela
areas O.f system identification and PID coniroller design fq?eedbackpcontrol systF()em isgused ie thpe inpugt3 signal quuay
integrating systems. T

the relay output signal:

2. AUTO-TUNER DESIGN FOR PID CONTROLLERS u(t) =u(t) —r(t) = ax sign(e(t)).

. i i i Also the closed-loop output signal with the steady-state re
This section describes the design of auto-tuner for PIDrobnt moved is
of integrating systems, which consists of four components: y(t) = y(t) —r(t) = —e(t).
relay feedback control, recursive estimation of the fregye
response, estimation of the integrating plus delay model ar\ stable system with transfer-functiof(z) can, in general
PID controller design. When the auto-tuner is applied teturterms, be described in frequency sampling filter form as
a cascade control system, the algorithm remains the same for N-1
both the inner and outer-loop controllers. T(2) = i T(ejlwd)Fl (2), 1)

|= -1

2.1 Relay Feedback Control
wherewy = 2 denotes the fundamental frequency in discrete-

In the auto-tuner design, a proportional controller witlokm . N P ;
gainKrs is used to stabilize the integrating system and a relat3'/me andr(2) is thelth frequency sampling filter given by

feedback control system is applied to regulate the output.

—N
Figure 1 shows the configuration of the closed-loop system F'(z) = 1%

under relay feedback control. The reference sigr#) is N1-—el®z-

a constant that represents the st(_aady-state operatioreof th _ 1(1+ejlwdz—1_|_ _|_ej(N71)Ioodzf(Nfl))
system output. Alse is a hysteresis term selected to avoid N ’

possible random switches caused by the measurement noj$ output of the closed-loop control system under relay

anda is the relay amplitude. The signglt) represents the feedback with inputi(k) can be written as
actual output measurement and the closed-loop contra@rmsyst

N-1

is assumed to be in steady-state operation before the relay 'z . |

feedback control is switched on. y(k) = Z 1T(eJ ) (k) + v(k), 2
I=—"7

To ensure bumpless transfeft) is also used as the reference L s ) )

signal to the relay-feedback control loop. Assume that th&heref (k) is the output of théth frequency sampling filter
relay feedback control is enabled at sampling instarand andv(k) is the output measurement noise, which is assumed
define the sampling interval & = t, —t,_1. Also to initialize ~ to be Gaussian with zero mean and variante

the relay element at the sampling time, U(t-1) =r(t-1).  The magnitude of the filter output is inversely proportional

For all tc > o, the calculation of the refere_nce signal fpr theto the parametelji| and additionallle(ej'wd)| decreases as
closed-loop control system uses the following relay switgh | “jcreases. Hence in application the computational load is

rules: reduced by replacing (2) with an approximation constructed

(1) Calculate the relay feedback errefty) = r(tx) — y(t«). with a finite number of pairs of the frequency sampling filters
(2) If le(ty)| <& Ultk) = Ultk_1). and neglecting the remainder. In particular, the first tipaes

() If le(ty)| > & Utk) = r(tx) +ax sign(e(ty)). are used, leading to
This relay feedback control system will produce a sustained .+ _jo 0 oy £1 oy £ —1
oscillation ((Atherton, 1975; Astrom and Hagglund, 1984)) y(k) NT(e_ )R +T(e )_f (k) +T(e ™) (k) + ...
Also if T is the period of the oscillation, it is well known that + T (e/3%) £3(Kk) + T (e 13%) £ —3(k) + v(Kk). (3)
the frequency of the periodic signa(t), denoted by, = &, _ _
has imaginary part approximately given ByE. Define the complex parameter vector to be estimated as

0=[T(e) T(e/™) T(e 1) ... T(e)3) T (e J30)*
and the corresponding regressor vector as
To estimate the closed-loop frequency response ok) = [T(el%) (k) (k) ... £3(k) F3(k)]*

2.2 Recursive Estimation of Frequency Response



where* denotes the complex conjugate transpose. The friéhe time delay. Using these tuning rules, the PID controller
guency response parameters are estimated using a recurpi@emeters are calculated using the normalized parameters

least squares algorithm, i.e., K. A A
B(K) = B(k— 1) + P(k— 1)(k) (y(k) — o(k)*B(k— 1)) (4) Ke= gk, 1 = dtito = dio
and For a damping coefficiert= 1, the normalized PID controller

_ P(k—1)"@k)p(k)"P(k—1) parameters are calculated using
Pl =Pk—1) - o Pk—Dar O

A . . - 1
hereB(k) contains the estimated frequency response param- =
whereb(k) contal ! duencyresponsep o= 0508 1 0.6208 (1)
T =1.98893+1.2235 (12)
. . . - 1
2.3 Estimation of the Integrating Plus Delay Model b= 10043 1 18194 (13)

Given the proportional controllétr, the frequency response Where the parametd is the scaling factor for the desired
of the plantG(el*t) is calculated from the closed-loop fre- closed-loop time constant, i.e.,

guency response relationship T = pd
i G(el“)Kt . . .
TE%) = ———— For a largeiB, a larger desired closed-loop time constant is
1+ G(el“u)Ky selected, implying a slower closed-loop response speed for
and hence , disturbance rejection and reference following. An advgata
G(ejwd) _ 1 T(ej(‘)‘_’) (6) of the tuning rules is that the selection @fgives both the
Kr1—T(elw)’ desired closed-loop time constant and the gain and phase

Moreover, the discrete-time frequency respo@éai“s) closely Margins for the closed-loop system ((Wang and Cluett, 2000)
approximates its continuous-time counterpart under the ag0f €xample, whe = 2, the gain and phase margins for a

sumption that rapid sampling is employed and in such cas?éD control system are approximately &nd 43, whereas
the equivalent continuous-time frequencyis= . Letting 0@ PI control system they are approximatelyahd 40.

Gp(jw1) denote the plant continuous-time frequency response
at the fundamental frequenay, it follows that 3. EXPERIMENTAL SYSTEM

i ~ j oy ) . . . . .
Gp(jon) ~ G(e™). This section gives the results and associated discussion of
For an integrating plus time delay system, a single frequen@PPlying the auto-tuners to a two-input two-output electro
is sufficient to determine its gaiK, and time delayd. The mechanical platform whose design and commissioning is de-

approximate model of an integrating system is assumed il€d in (Freeman and Dinh, 2014; Dinh et al., 2014). This
take the form: system employs differential gearboxes connected via gprin

erfds mass-damper systems, and driven by both induction and DC
Gp(s) = (7)  motors. In these tests it is configured as a two input, two
Also letting the frequency response of the integrator plu

Qutput layout as shown in Figure 2 whdreB andK denote
delay model (7) be equal to the estima@gl jo, ) gives

inertial, damping and stiffness parameters respectividtg

K ™ Gplion) ®) -
T p Gearbox
jon QL =™ ﬁ }
and equating the magnitudes on both sides of (8) gives By, T 1 1oBo, LB,u,.0,
Kp = w1[Gp(jen)], 9)

where|e 1991 = 1. Also, from (8)
e idon _ jonGp(jun)
Kp
and hence an estimate of the time delay is

g LigntimadiGp(icn))

oy Real(jGp(jwn))

Motor 1

ToisBeisW 56,

o Per

(10)

i _ ) _ Fig. 2. System configuration showing placement of distur-
Once the integrator plus time delay model is obtained, the™ pance injection.

PID controller parameters are calculated using the tunitegr

given in (Wang and Cluett, 1997) and (Wang and Cluetinputs to the system are voltage demand signals fed to the
2000). Although there are many design methods availableduction motors{u;,u;} and the outputs are the angular
for an integrator plus time delay model, e.g. (Tyreus andisplacements (radians) of the spring-mass-damper ssctio
Luyben, 1992), the set of tuning rules adopted here has thg,y>}. Note that this is only one possible configuration of
characteristics of being simple and robust and were deedlopinputs and outputs, since the position and number of motors
using frequency response analysis without approximatfon can be easily altered without changing the central strectur



This configuration has a level of interaction which can bsystem is configured as two independent single-input single
manipulated using the lumped damping paramBigr Bao.  output systems. Wheno= 0.4, there is moderate interaction,
and strong interaction whem= 0.8. The auto-tuning proce-

ically using the DC motor, but this is not employed in chﬁ]ure remains the same for all tests with the same amplitude

current test procedure. The system transfer-function tisde E)a:c;)olrtf gr)laallg(;igli ii,agf?ereyr?ttf;riz(s:;éc%i)e’. however, the
[Y1(5)] _ | Gu(s) Guafs) [ul(s)} . (14) In the automatic tuning process, the relay feedback control
y2(8) G21(8) Gaa(8) | |U2(S) is first applied to the input-output paius,y1) using Kr,
a=1.75ancd = 0.9 where the input signak is set equal to 0.
The differential gears are custom-made to eliminate babklaGiven the relay feedback experimental data, the PID cdatrol
and reduce inertia and friction, and gearing between dsvicparameters are identified for the input-output pair,y1).
is implemented via belt drives to reduce the overall foatiri Then this tuning procedure is repeated for the input-output
and ensure low backlash. The damping paranmigigr-Ba>  pair (up,y») with the same relay amplitude and hysteresis
is realized using four adjustable dampers geared togethér, but a different proportional gaikit. With the corresponding
the level of interaction is parameterized bywhich varies relay-feedback control experimental data, the PID colerol
between 0 (no interaction, maximum damping), and 1 (fulbarameters are identified for the input-output p@is,yz).
interaction, minimum damping). The final implementation ofigure 4 shows the input and output data for the pairy;)
the two input, two output system is shown in Figure 3. under the relay feedback control. It is seen that mereases,
the effects of output, on the relay control signai, increases.
Additionally, the amplitude ofy, increases even when the

input signalu, is set to be zero. Parallel experimental results
were produced for the paius, y,) and are shown in Figure 5.

Table 1 shows th&y parameters and the resulting PID con-
troller parameters obtained from applying the auto-tuhlee
two feedback PID controllers are then simultaneously &plpli
using input-output pair&us, y1) and(uz, y2). During testing, a
unit step was selected as the reference for each outputehann
Figure 6 shows the inputs and outputs of the MIMO system for
the three cases of interaction.

The last column of Table 1 shows the mean squared error for

Fig. 3. MIMO system components: 1) encoder, 2) inductiof@Ch output using the thre?/l cases of interaction. The mean
motors, 3) DC motor, 4) rotary damper, 5) torsionapquared error is defined #21 e(tj)<, whereM is the number
spring, 6) differential gearboxes, 7) coupling shaft, 8pf samples ana(t;) is the error between the reference and
DC motor controller, 9) clamp, 10) inertia, 11) adjustableutput signal with the PID controller operating.
interaction dampers, 12) emergency stop button.

| Case [ Kr | Ko | u [ w [ g3¥et)]
The two induction motors are equipped with integrated 2000 | ¢=0uyyr | 03 | 0476 | 0588 | 0.092 0.018
pulse per revolution encoders, and the outputs are fittet wit | S=0U2¥2 | 012 | 0243 | 0602 | 0.095 0.019
2500 pulse per revolution encoders. Each KW AC induc- c=0d4uys | 025) 0518 ) 0.572 ) 0.090 0.019
- i X y ’ | _ c=04upy, | 02 | 0321 | 0.634 | 0.099 0.019
tion motor is connected to an inverter configured in velocity c=08u;,y; | 0.2 | 0483 | 0476 | 0.075 0.033
mode, and the.5 kW DC motor uses a four quadrant drive. | c=08u,,y, | 02 | 0.362 | 0.639 | 0.100 0.021
Real-time hardware comprises a ds1103 dSpace board which  Table 1. PID controller parameters for different
interfaces directly with Matlab/Simulink to enable rapiahe values.
troller development and implementation at 1000 Hz.

4. EXPERIMENTAL RESULTS 5. CONCLUSIONS

The electro-mechanical system has integrators since the olihis paper has considered the design and application of auto
puts are the angular positions of spring-mass-dampepsecti tuners to integrating processes. This has exploited reday c
The system model had been identified experimentally whetel and frequency sampling filters. A major part of the re-
sinewaves of different frequency and amplitude have beenlts reported are from experimental application of a two-
injected into the inputs, and transfer-functions have bigial  input two-output electro-mechanical system where thelleve
to the resulting Bode plots, using the Least Mean Square$interaction in the channels can be varied. The resulte/sho
(LMS) approach (Dinh et al., 2014). The transfer-function e that the auto-tuning design is capable of producing hightqua
tries are of high order with integrators (see (Dinh etall480). ity performance but this lessens as the interaction ineseas
Instead of using the transfer-function models, the rednlts These results serve as a basis for future research both on the
this section were obtained by directly applying the auttetu design algorithms themselves but, equally importantlg, sest

to determine the PID controllers. Three different levels obf experimental benchmarks that can be compared with other
interactions are used through changing the configuratibns designs. Also it is possible to inject noise and the perforcea
the system. When the parameter 0, the electro-mechanical of the auto-tuner in this case should be investigated.



u (volts)
o
u (volts)
o

Time (sec) 27

3
INAAAAAND |
1+ fo / L ‘
0 /\ . VLo i [ A / "\. ‘," |
S VUV VY UV YV

Position (radians)
Position (radians)
o

0 2 4 6 8 10

Ti sec
Time (sec) ime (sec)

(@c=0

(@c=0

u (volts)
=)

Time (sec)

2r :
Il A N , A I /
! I I ) /

Time (sec)

Time (sec)
©) ¢ 04 (b) c=0.4
20
1r 2
2ol :
3 Ll

Position (radians)

Position (radians)

0 2 4 6 8 10 Time (sec)

Time (sec)
() c=08 (c)c=0.8

Fig. 4. Input and output data from the relay controlfor, y;) Fig. 5. Inputand output data from the relay controlfos, y2)

REFERENCES America, Research Triangle Park, NC.

Astrom, K.J. and Hagglund, T. (1984). Automatic tuning ofAstrom, K.J. and Hagglund, T. (200ddvanced PID control
simple regulators with specifications on phase and ampli- Instrument Soc. of America, Research Triangle Park, NC.
tude marginsAutomatica\Vol.20, 645—-651. Atherton, D.P. (1975). Nonlinear Control Engineering-

Astrom, K.J. and Hagglund, T. (1988Automatic Tuning of = Describing Function Analysis and DesigtvVan Nostrand
PID Controllers Instrument Society of America, Research Reinhold Co., London, UK.

Triangle Park, NC. Cetin, M. and Iplikci, S. (2015). A novel auto-tuning PID

Astrom, K.J. and Hagglund, T. (1995). PID Con- control mechanism for nonlinear systertf3A transactions
trollers:Theory, Design, and Tunindgnstrument Society of 58, 292-308.



uy (volts)

0 5 10 15 20 0 5 10 15 20
s Time (sec) 15 Time (sec)
1 g
2 os 508
B 0 > 0
— -0.5
05, 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
(@c=0
1 0.5
2 0.5 2
e 20
S s
-05 -0.5
5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
15 15
—~ 1 1
z z
E E
"§ 0.5 ] 0.5
s 5 B
-0.5 -0.5
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
(b) c= 0.4
1
2 0.5
s 0
0 5 10 15 20 %5 5 10 15 20
s Time (sec) 15 Time (sec)
A
= 1 E
ERY 5
s o ERN
-0.5 -0.5
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
(c)c=0.8

Fig. 6. Closed-loop PID control results

Signal ProcessingB89(3), 302—-324.

Hagglund, T. and Astrom, K.J. (1985). Method and an
apparatus in tuning a PID-regulatddnited States Patent
4549123.

Hang, C.C., Astrom, K.J., and Ho, W.K. (1991). Refinements
of the Ziegler-Nichols tuning formulalEE Proceedings,
PtD, 138, 111-118.

Hang, C. C., Astrom, K.J., and Wang, Q. G. (2002). Relay
feedback auto-tuning of proces controllers- a tutorial re-
view. Journal of Process Contrpll2, 143-162.

Ho, W, Lee, T., and Xu, W. (2000). The direct Nyquist array
design of PID controllerdEEE Transactions on Industrial
Electronics 47(1), 175-185.

Johnson, M.A. and Moradi, M.H. (2005RID Control: New
identification and design methad$pringer Verlag, New
York, USA.

Li, Y. and Song, S. (2012). A survey of control algorithms
for quadrotor unmanned helicopte2012 IEEE 5th Inter-
national Conference on Advanced Computational Intelli-
gence, ICACI 201,2365-369.

Lim, Y., Venugopal, R., and Galip Ulsoy, A. (2012). Auto-
tuning and adaptive control of sheet metal formi@gntrol
Engineering Practice20(2), 156-164.

Poksawat, P., Wang, L., and Mohamed, A. (2016). Automatic
tuning of attitude control system for fixed-wing micro aéria
vehicles.IET Proceedings on Control Theory and Applica-
tions 10, 2233-2242.

Bayat, M., Crasta, A., Aguir, A. P. and Pascoal, A. (2016).
Range-based underwater vehicle localization in the pres-
ence of unknown ocean currents: theory and experiments.
|EEE Trans. Control Systems Technology, 24(1), 123-139.

Romero, J.A., Sanchis, R., and Balaguer, P. (2011). PI
and PID auto-tuning procedure based on simplified single
parameter optimizationlournal of Process ContrpR1(6),
840-851.

Tyreus, B.D. and Luyben, W.L. (1992). Tuning PI controllers
for integrator/dead time processdndustrial & Engineer-
ing Chemistry Researchol.31, 2625-2628.

Wang, L. and Cluett, W.R. (1997). Tuning PID controllers for
integrating processe$EE Proceedings on Control Theory
and Applications\Vol. 142, 385-392.

Wang, L. and Cluett, W.R. (2000).From Plant Data to
Process Control: Ideas for Process Identification and PID
Design Taylor and Francis, London.

Wang, Q.G., Zhang, Y., and Guo, X. (2001). Robust closed-
loop identification with application to auto-tuningournal
of Process Contrgll1, 519-530.

Yu, C.C. (2006). Autotuning of PID controllers. Springer
Science & Business Media.

Yu Jin, C., Ryu, K.H., Sung, S.W.,, Lee, J., and Lee, |.B.
(2014). PID auto-tuning using new model reduction method

Dinh, T.V., Freeman, C.T., and Lewin, P.L. (2014). Assess- and explicit PID tuning rule for a fractional order plus time

ment of gradient-based iterative learning controlleragsi
multivariable test facility with varying interactiorControl
Engineering Practice?29, 158-173.

Dittmar, R., Gill, S., Singh, H., and Darby, M. (2012). Robus
optimization-based multi-loop PID controller tuning: A
new tool and its industrial applicatio@ontrol Engineering
Practice 20(4), 355-370.

Freeman, C.T. and Dinh, T.V. (2014). Experimentally vedifie
point-to-point iterative learning control for highly coleg
systems. International Journal of Adaptive Control and

delay modelJournal of Process ContrpP4(1), 113-128.



