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Summary

Peristaltic pumps are used for transporting liquids within disposable tubes and are commonly found in
medical devices. A rotating pump wheel with several rollers is placed against the tube, such that a certain
amount of liquid is trapped between two consecutive rollers and subsequently "pushed" through the tube.
The peristaltic pump principle, however, introduces disturbances, thereby distorting the desired rotational
speed of the pump. Demcon recently developed a peristaltic pump for one of its medical devices. The
pump uses linear proportional plus double integral (P12) control to reject the aforementioned disturbances.
However, linear control su ers from fundamental trade-o s between performance and stability, thereby posing
limits on disturbance rejection. To further improve upon disturbance rejection of the peristaltic pump, this
thesis proposes both a hybrid and a disturbance-observer-based control strategy.

The hybrid control strategy makes use of the hybrid integrator-gain system (HIGS). The HIGS can be
exploited for constructing nonlinear Iter elements that mimic the ampli cation characteristics of classical
linear Iters such as integrators and low-pass Iters, but with reduced phase lag. From a design point-
of-view, these HIGS-based Iters provide additional freedom in controller tuning as gain and phase are
no longer related via Bode’s gain-phase relationship. This, in turn, allows for achieving higher bandwidths
and improved disturbance rejection capabilities without compromising transient performance and robustness
margins.

This thesis presents a novel HIGS-based P12 controller that reduces the steady-state error of the motor
speed while additionally improving transient performance and maintaining robustness margins compared to
linear PI2 control. An initial design is presented by means of a conference paper. Subsequent thorough
analysis of HIGS-based P12 controller design resulted in a structured tuning methodology for HIGS-based
P12 controllers, eventually presenting an improved design compared to the paper. Simulation studies indicate
comparable performance at higher speeds but up to 24.7% improvement in root-mean-square (RMS) value
at lower speeds with the new HIGS-based PI2 design compared to the HIGS-based P12 design from the
paper. Experimental validation of the new design on the peristaltic pump demonstrates up to 30.1% RMS
improvement over linear P12 control, with additional transient improvements up to 50.0% in overshoot for
similar rise time, all while maintaining the same robustness margins.

The disturbance-observer-based control strategy considered is called inversion-based disturbance-observer-
based control (IBDOBC). The basic idea behind IBDOBC is to estimate input disturbances and/or uncer-
tainties using an inverse nominal plant model and directly compensate the controller output with the es-
timate. IBDOBC is an addition to a conventional feedback controller, which could for example be linear
or HIGS-based. The feedback controller can conventionally be designed according to tracking performance
speci cations and stability, whilst IBDOBC is used to further reject disturbances and suppress uncertainties.
This thesis presents an IBDOBC design that allows for reducing the steady-state error of the motor speed
of the peristaltic pump. Experimental validation of the IBDOBC design in combination with linear PI2
control showed improvements up to 44.8% in terms of RMS value compared to linear P12 control, whereas
the IBDOBC design in combination with HIGS-based P12 control showed improvements up to 50.5%.
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Chapter 1

Introduction

1.1 Peristaltic pumps

Peristaltic pumps are used for the transport of liquids within plastic tubes. A rotating pump wheel with
several rollers is placed against the tube, such that a certain amount of liquid is trapped between two
consecutive rollers and subsequently "pushed" through the tube [1]. Because there is no direct contact
between the pump wheels and the uid, there is no chance of uid contamination. Therefore, typical
applications of peristaltic pumps can be found in medical devices where the ow goes through disposable
tubes [2, 3].

A downside of peristaltic pumps is the occurrence of ow and pressure ripples in the uid, which is inherent
to the peristaltic pump principle. The periodicity of these ripples directly depends on the rotational speed
of the pump and their presence distorts this speed. Besides, e ects such as non-perfect commutation of the
(brushless) DC motor and friction can further disturb the desired motor speed. In this thesis, all e ects
contributing to these ripples/pulsations about the desired motor speed are referred to as thgpump ripple.

Recently, Demcon developed a peristaltic pump for one of its medical devices, schematically shown in
Figure 1.1. With the current linear feedback controller, the aforementioned pump ripple is strongly visible
in typically measured performance plots. This is illustrated in the time domain in Figure 1.2a, where a
clear pulsation e ect about the setpoint value of 3 rotations per second (rps) can be observed. Figure 1.2b
shows the corresponding amplitude spectrum, indicating several pump ripple frequencies. A dominant peak
is visible at 12 Hz, which is 4 times the setpoint speed in rps. The factor 4 follows from the fact that there
are 8 pump wheels per rotation and there is a transmission ratio of 2 between the two pulleys within the
pump, hence the ratio 82 = 4. Higher harmonics of this e ect in Hz occur at every multiple of 4 of the
setpoint speed in rps. These peaks are physically a result of the varying resistance between rollers and tube.
During pump motion, rollers are continuously engaging with and disengaging from the tube. A sudden
increase in resistance is observed upon impact of a roller, whereas the resistance is lost when a roller gets
released. Rollers are not placed symmetrically onto the tube, such that engaging and disengaging do not
occur at the exact same time instances. Besides, both phenomena might physically not be the exact same
e ect. Furthermore, Figure 1.2b shows peaks related to non-perfect commutation. The brushless DC motor
uses 3-phase sinusoidal commutation, leading to peaks in Hz at multiples of 3 times the setpoint speed in
rps.

Figure 1.1: Schematic representation of the peristaltic pump developed by Demcon. The actuator is xed
onto the small pulley on the left, whereas a pump wheel with eight rollers is secured onto the larger pulley
on the right.
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Figure 1.2: Typical pump speed measurement represented (a) in the time domain and (b) in an amplitude
spectrum using linear P12 control.

1.2 Trade-os in linear PID control design

Linear PID control is widely acknowledged in industry for its simplicity in implementation and limited
complexity, while it achieves the desired performance for the majority of mechatronic systems [4]. Currently,
the peristaltic pump developed by Demcon uses linear proportional plus double-integral (P12) to control its
speed. The double integral action is used to realize a low sensitivity function at lower frequencies to strongly
reject the pump ripple. However, the addition of integral action to the controller directly comes at the
cost of an increased sensitivity in other frequency ranges, at the cost of performance. This is an inevitable
consequence of the Bode sensitivity integral, often referred to as the \waterbed e ect” [5]. At the same time,
integral action inevitably adds 90 degrees of phase lag to the system, posing limitations on (robust) stability.
This is a result of Bode's gain-phase relationship, stating that the phase of the frequency response of a linear
system is completely determined by its magnitude characteristics and vice versa [6]. Besides su ering from
limitations in the frequency domain, time-domain limitations also pose restrictions, as adding integral action
to the controller could result in overshoot in the step response of the system [5], for example.

1.3 Hybrid control as possible solution

An interesting development in the high-precision industry, where disturbance rejection also plays a crucial
role, is the use of thehybrid integrator-gain system (HIGS) within typical motion control architectures

[7, 8]. The HIGS can be exploited for constructing nonlinear lIter elements that mimic the ampli cation
characteristics of classical linear Iters such as integrators and low-pass lters, but with reduced phase lag.
From a design point-of-view, these HIGS-based lters provide additional freedom in controller tuning as gain
and phase are no longer related via Bode's gain-phase relationship. This, in turn, allows for achieving higher
bandwidths and improved disturbance rejection capabilities, without compromising transient performance
and robustness margins [7].

A HIGS-based controller can be designed using conventional loop-shaping techniques, where the HIGS is
approximated in the frequency domain using so-called describing function analysis [9]. However, depending
on the severity of nonlinearity with the HIGS-based controller, there might be discrepancies between the
expected performance based on these frequency domain approximations and the actual time domain per-
formance [10], such that additional tuning based on time domain information might be necessary, see for
example [11].

1.4 Disturbance-observer-based control as possible solution

A common approach to further improve disturbance rejection performance compared to conventional linear
PID feedback control involves the addition of a disturbance observer. Disturbance observers reconstruct
disturbances from measurable variables, after which the reconstruction is used to determine a control action
to compensate for the e ect of the disturbances. Uncertainties are typically lumped together with the
disturbances, such that these are also compensated for [12, 13]. The conventional feedback controller can
generally be designed according to tracking performance speci cations and stability, whilst the disturbance
observer can separately be designed to further reject disturbances and suppress uncertainties [14].

This thesis considers a disturbance-observer-based control approach calléaversion-based disturbance-
observer-based contro(IBDOBC) [15]. IBDOBC makes use of an inverse nominal plant model to reconstruct
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input disturbances and uncertainties, eliminating the need for their direct measurement which could be ex-
ceedingly complex or unfeasible. The method is suited for both periodic and non-periodic input disturbances.
The pump ripple is a primarily periodic e ect with quite well-understood dynamics in terms of frequency,
amplitude and phase. Note that control methods like repetitive control therefore also seem suited, as these
are speci cally useful against periodic disturbances [16]. However, the dynamics of the pump ripple of the
peristaltic pump developed by Demcon can vary quite strongly due to the use of cheap disposable tubes. Be-
sides, the pump is practically used in a relatively unpredictable environment, such that additional unforeseen
(non-periodic) disturbances could be present, justifying the use of IBDOBC.

1.5 Research objective

This thesis aims to further reduce the steady-state setpoint error of the motor speed of the peristaltic pump
developed by Demcon using HIGS-based PI2 control and using IBDOBC. With HIGS-based PI2 control, the
goal is additionally to maintain the same robustness margins compared to linear PI2 control. Three control
designs will be considered:

" HIGS-based PI2 control;
" IBDOBC & linear PI2 control;
" IBDOBC & HIGS-based PI2 control.
The measures to quantify performance are given by:
" Thﬁ root-mean square (RMS) value of the steady-state setpoint error in the time domain, computed

oo mean Squk
as & [, je(D)j2 whereg is the i™ sample of the setpoint error withi 2 [1;N], N the number of

samples;
~ A cumulative power spectral density plot of the steady-state setpoint error.

The main research question of this thesis is formulated as follows:

How is the steady-state performance of the peristaltic pump developed by Demcon improved using HIGS-
based PI2 control and using IBDOBC combined with either linear or HIGS-based P12 control?

The subquestions are given by:
1. What is a suitable plant and pump ripple model design for the peristaltic pump developed by Demcon?
2. How can a HIGS-based PI2 controller be systematically designed and tuned?

3. What is a suitable IBDOBC design that can be combined with both linear and HIGS-based P12 control
for the peristaltic pump developed by Demcon?

1.6 Outline

The remainder of this thesis is divided into four chapters. Chapter 2 provides a nominal plant and pump

ripple model of the peristaltic pump developed by Demcon. Chapter 3 starts with a conference paper
presenting an initial HIGS-based P12 controller design for the pump. The chapter subsequently contains
several extensions to the paper, resulting in a systematic tuning methodology for HIGS-based PI2 controllers,
eventually presenting an improved design compared to the paper. Chapter 4 presents an IBDOBC design
for the peristaltic pump developed by Demcon. Chapter 5 provides a re ection of the obtained results by

summarizing the main conclusions of this thesis along with recommendations for future research.



Chapter 2

Modeling

2.1 Introduction

This chapter rst presents a nominal plant model of the peristaltic pump recently developed by Demcon

(Section 2.2). Then, the dynamics of the pump ripple are reconstructed from measurements, after which an
analytical model of the pump ripple is derived (Section 2.3). The plant and pump ripple model are used to
design, analyze and validate the controllers designed in this thesis.

2.2 Nominal plant model

The peristaltic pump is shown in Figure 2.1. It consists of a pulley with eight rollers that are used to
compress a tube that carries uids. The pulley is driven by a gear belt that is connected to another pulley
at the motor side. Typically, two to three rollers compress the tube simultaneously. The pump speed is
measured indirectly by di erentiating the signal coming from the encoder installed at the motor shaft. A
spring-loaded tensioner provides tension within the belt.

A simpli ed model of the peristaltic pump is shown in Figure 2.2. Here, J; = 7:8 10 ® kgm? denotes
the combined inertia of the motor and small pulley with radius r; = 8:2 10 3 m. J; is connected to the
xed world by means of a rotational damper with damping constant ¢ = 4:5 10 2 Nms/rad, representing
viscous damping of the motor. The gear belt is modeled with translational sti nessk = 6:8 10* N/m and
damping d = 5 Ns/m. The large pulley has inertia J, = 15:5 10 ® kgm? with radius r, = 17 10 3 m.
The angular displacements of the small and large pulley are denoted by; and », respectively. A motor
torque T is generated by voltageU, which will be used to accurately control the angular velocity of the
small pulley, denoted by 3, to a desired speed—. The tensioner is not taken into account in the model,
because experiments show that its dynamics become apparent above 400 Hz, which is su ciently far beyond
the required system bandwidth. Using rst-principles modeling, the relation between voltageU and angular

@ (b)

Figure 2.1: Experimental setup of the peristaltic pump including (a) a front view and (b) a zoomed
isometric view.
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Figure 2.2: Simpli ed model of the peristaltic pump.

Figure 2.3: Modeled and measured frequency response function from input voltagel in %-duty cycle to
output motor speed 4 in rps.

velocity 4 is given by (s) = P, (s)U(s), with

1 2
1 1 gzsTt2pis+l gp )
Pn(s)= — ' La % g st (2.1)
2 Jots+ € Ls2+2.ts+1 100s+ ! o
| {z—— H —{z— }
Mechanical domain Electrical domain
q_ r—
2 2
whereJiw = J1+J5(12)2 =11:4 10 Skgm?, 1 = %2 =253 2 radls, |, %5 =306 2 radls,
r2

a =0:062, , =0:12. Constant zi is required rewrite 5 from rad/s to rotations per second (rps), whilst
constant 19020 is required to rewrite torque T in Nm to voltage U in %-duty cycle. Furthermore, ! ;¢ =80 2
rad/s represents the induction pole of the voltage-controlled brushless DC-motor. One computational sample
delay of ts = 0:001 s is taken into account to match the behavior of the digital platform that is used to
control the system. The model is discretized using the zero-order-hold method. Delay as a result of discrete
di erentiation of the encoder signal is additionally taken into account. The discretized nominal plant model

is nally given by

113 (z+2:55)(z 1)(z+0:22)(z% +0:046z + 0:83) _

Pn(z) = 100z%(z 0:67)(z 0:60)(z 1)(z?+0:51z+0:64)

2.2)

A Bode plot of P,(z) is shown in Figure 2.3, along with a measured frequency response function. At
lower frequencies, the plant behavior is characterized by the motor damping. At higher frequencies, the

inertia line J[i 5 is visible with an internal anti-resonance and resonance caused by the gear belt.

Furthermore, the observed rotational speed 4 su ers from a quantization e ect as result of a nite
encoder resolution of 4096 pulses per rotation. The encoder is a two-channel encoder, meaning it has a total
number of states of 4 4096, such that for a single rotation, the positional resolution equalszjw rotation.
Dividing the positional resolution by the sample time ts = 0.001 s subsequently gives a rotational speed

resolution equal to 0.061 rps. The e ect is independent of the rotational speed of the motor, such that
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